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STELLINGEN 
- Een belangrijk deel van de melkveehouders is zieh niet bewust van het belang van een 
effectieve jongvee opfok. 
Dit proefschrift 
- Het verkrijgen van inzicht in de succesbepalende factoren voor de jongvee opfok door 
middel van een modelstudie is belangrijker dan het vaststellen van precieze getallen 
omtrent opfokstrategie en economisch resultaat. 
Dit proefschrift 
- Ondanks het economisch belang van de afkalfleeftijd dient niet de leeftijd maar het 
gewicht als leidraad te worden genomen voor de optimalisatie van het opfokbeleid. 
Dit proefschrift 
- De kosten van een maand verlenging van de opfokperiode zijn niet eenduidig vast te 
stellen zonder de oorzaak ervan te kennen. Zo zijn de kosten ten gevolge van 
onvoldoende groei gedurende de postpuberale période bijna tweemaal zo hoog als in het 
geval van een uitgestelde inseminatie. 
Dit proefschrift 
- Ook onder het huidige milieubeleid blijft een körte opfokperiode economisch optimaal. 
Dit proefschrift 
- Gelet op de toenemende produetiebeperkingen binnen de melkveehouderij dienen 
veehouders ten aanzien van het verwezenlijken van een rendementsverbetering steeds 
eerder bij de pinken te zijn. 
- Het begrip duurzaamheid is de résultante van het spanningsveld tussen de dynamische 
polen economic milieu en publieke opinie en daarmee, qua inhoud, veranderlijk in de 
tijd. 
- Objectiviteit is een subjectief begrip. 
- The most important criterion in successful farm management is attention to detail in all 
aspects of husbandry, even though pressures on the farm business continue to increase. 
/. Turner and M. Taylor, 1998. Applied farm management, Cornwall UK. 
- Opmerkelijk is het feit dat de indrukwekkende mogelijkheden van een computer enkel 
gebaseerd zijn op de meest fundamentele bewerkingen van 0-en en 1-en. 
- De huidige ontwikkelingen binnen de Nederlandse veehouderij zullen het 
spreekwoordelijke melkkoetje en spaarvarken sterk aan betekenis doen inboeten. 
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Abstract 
Economic modelling to optimize dairy heifer management decisions 
Economische modellering ter optimalisatie van managementbeslissingen met betrekking tot 
de opfok van jongvee 
Mounts, M.C.M., 2000 
The objective of heifer rearing within a dairy farm is to produce high quality dairy 
replacements at low costs. Heifer management decisions interact with the biological aspects 
of growth, thereby influencing the future profitability of the heifer. To maximize profitability 
farmers need to be aware of the potential impacts of these management decisions. However, 
this is a field of research that received only little attention. The objective of the research 
described in this thesis was to obtain insight into the technical and economic consequences of 
various dairy heifer rearing strategies by means of a stochastic dynamic optimization model. 
The research was started with a literature review to identify the key issues in heifer 
rearing and a large field survey to evaluate the present heifer rearing performance of dairy 
farmers in the Netherlands. Based on the insights obtained, a stochastic dynamic optimization 
model was developed, using the hierarchic Markov process technique. Within the model 
heifers were described in terms of age, season, body weight, reproductive state and 
prepubertal growth rate. Management decisions with respect to growth rate, time of 
insemination and replacement were optimized under maximization of discounted net returns 
per heifer place per year. Model behaviour was studied by the evaluation of a basic Dutch 
production situation. Within the default situation, the optimal rearing policy resulted in an 
average calving age of 22.6 months and an average calving body weight of 564 kg. 
Discounted net returns coincided with Dfl 337 per heifer per year. Extensive sensitivity 
analyses were carried out to evaluate the consequences of variation in price and production 
variables on the optimization outcomes. Additionally, the basic model was extended to 
determine the extent to which heifer rearing activities influence the environmental problems 
on a Dutch dairy farm and to study the sensitivity of the optimal rearing policy for 
environmental measures as the Dutch mineral accounting system (MINAS) or the use of least 
mineral rations. In the final phase, application of the model under other production 
circumstances was studied by an evaluation of a rearing situation typical for a Pennsylvanian 
(US) dairy herd. 
PhD-thesis, Department of Social Sciences, Farm Management Group, Wageningen 
University, Hollandseweg 1, 6706 KN Wageningen, The Netherlands. 
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Chapter 1 
General Introduction 
1.1 Introduction 
In modern dairy farming, decision making becomes more and more complex due to 
factors as higher quality demands and (more) governmental regulations. Dairy farmers need 
to adapt their management in order to maintain their farm income. In the Netherlands, for 
instance, governmental regulations such as milk quotas and manure legislation limit the 
opportunities of expanding farms. Consequently, the significance of a further reduction of the 
production costs increases. 
In the Netherlands an average of 25 to 35% of the dairy herd is replaced annually. The 
costs of raising these replacements represent one of the largest costs within dairy farming. 
Nevertheless, as a component of the management system, the rearing of dairy replacements 
does not often get the attention it requires (Hoffman and Funk, 1992; Quigley HI et al., 1996). 
The objective of heifer rearing is to produce high quality dairy replacements at low 
costs. Heifer management decisions interact with the biological aspects of growth, thereby 
influencing the future profitability of the heifer (Quigley et al., 1996). To maximize 
profitability farmers need insight into the potential impacts of their management decisions on 
technical performance and economic results. An evaluation of these impacts by means of an 
economic model could therefore be helpful in supporting farmers in their management 
decisions. During the last decade, several management decision support models have been 
developed to optimize dairy cow replacement policies (Houben, 1995; Jalvingh, 1993; 
Kristensen, 1993). However, in all of these models the emphasis is on the mature cow, 
thereby simplifying or neglecting the rearing activity. 
At present the interrelationships between rearing strategies and the productivity and 
profitability of the replacement heifer are not well understood. Additional research is needed 
but will be limited due to the costs associated with rearing experiments. Economic modelling 
is seen as a suitable alternative to get a better understanding of the heifer rearing process 
(Dijkhuizen and Morris, 1997). In this study, stochastic dynamic prograrnming (DP) is used 
as modelling technique to get the insights needed to support heifer rearing decisions. DP has 
been proven to be very useful to structure sequential decision problems (Houben, 1995; 
Kennedy, 1981; Kristensen, 1993). The decisions to be made within the rearing process 
concern the choices of a growth strategy and a breeding policy, making heifer rearing an 
obvious example of a sequential decision problem. 
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The objective of this research project was to obtain insight into the technical and 
economic consequences of various heifer rearing strategies by means of a stochastic dynamic 
optimization model. Given the objective, the project consisted of the following 6 interrelated 
phases; 
1) review of scientific literature on heifer rearing 
2) evaluation of present rearing practices 
3) development of the optimization model 
4) base applications of the model 
5) sensitivity analyses 
6) extended applications 
1.2 Outline of the thesis 
Chapter 2 describes the results of a detailed literature review on the key issues in 
dairy heifer rearing. Currently available modelling studies on dairy cattle management are 
evaluated, while the potential benefits of a dynamic programming model on heifer rearing are 
discussed. 
A large field survey was set up to evaluate the present heifer rearing performances on 
dairy farms in the Netherlands (Chapter 3). Moreover, the survey was used to get insight into 
the extent to which dairy farmers evaluate their own rearing results by means of pre-set 
targeting and data monitoring. 
Based on the insights obtained from the literature review and the field survey, a 
stochastic dynamic optimization model was developed, using the hierarchic Markov process 
technique (Kristensen, 1993). A detailed description of the structure of this heifer rearing 
model is given in Chapter 4. Model behaviour was studied by the evaluation of a basic Dutch 
production situation (Chapters 4 and 5). Extensive sensitivity analyses were carried out to 
evaluate the consequences of various price and production variables. The results obtained 
from these analyses are discussed in Chapter 5. 
Dairy farming contributes substantially to the Dutch environmental problems. In 
Chapter 6 the dynamic heifer rearing optimization model was adapted to determine the extent 
to which the heifer rearing activity influences the mineral flows on a dairy farm. 
The parameters of the heifer model as described in Chapters 4 through 6 represented 
the Dutch rearing conditions. However, the model can also be used to study the rearing 
activity in other production systems. In the final phase of the model study (Chapter 7), the 
developed optimization model was adapted to reflect the production circumstances of the US 
(Pennsylvania). Application of this adapted version was demonstrated by the evaluation of a 
situation typical for Pennsylvanian dairy herds. 
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The thesis is concluded with a general discussion (Chapter 8), in which the techniques 
used and the results obtained are discussed and recommendations for further research are 
given. 
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Chapter 2 
Technical and Economic Models to Support Heifer Management 
Decisions: Basic Concepts1 
Abstract 
To maximize herd profits, dairy farmers are faced with the complex dilemma of 
minimizing costs that are associated with rearing heifers and ensuring or enhancing lifetime 
economic productivity. Heifer management decisions interact with underlying biological aspects 
of growth, thereby influencing future profitability. A thorough understanding of these biological 
interactions is lacking. Studies based on models could be useful in the evaluation of various 
rearing strategies. Currently available models for dairy cattle primarily focus on the dairy cow 
unit In a dairy farm production system, management decisions concerning the rearing of 
livestock and the replacement of dairy cows strongly influence each another. In a model that 
describes the dairy herd as a multi-component system, opportunity is greater to coordinate 
rearing policy and replacement policy. Expected benefits of such a model are discussed. 
2.1 Introduction 
In dairy farming, many young heifers are needed for replacement. Management 
decisions concerning replacement heifers can have a profound effect on the profitability of the 
farm as a whole. However, as a component of the management system, the rearing of dairy 
replacements is often overlooked. 
To make the right decisions, farm managers need insight into the potential impact of 
management decisions on technical performance and economic results. In The Netherlands, the 
average rearing period of dairy heifers before the onset of first lactation is 26 mo (Nederlands 
Rundvee Syndicaat, 1994). Such a marked time lag between input and output makes it difficult 
for a dairy farmer to recognise the impact of decisions concerning the rearing of replacement 
heifers on the farm. Therefore, an estimation of these impacts by means of an economic model 
could be helpful to decisions affecting the management of heifers. 
Several decision support models for managing dairy cows have been described in the 
literature (Delorenzo et al., 1992; Houben et al., 1994; Jalvingh et al., 1993; Kristensen, 1993; 
Paper by Mourits, M.C.M., Dijkhuizen,A.A., Huirne, R.B.M., Galligan, D.T., 
Journal of Dairy Science, 80 (1997): 1406-1415. 
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Van Arendonk and Dijkhuizen, 1985). In all of these models, the emphasis is on the mature cow, 
thereby simplifying simulation of replacement heifers. A thorough understanding of the 
fundamental economic elements of rearing heifers along with overall herd objectives is lacking. 
Therefore, an economic model needs to be developed to understand better the ensuing effects of 
management decisions on the underlying biology of the heifer and the resulting herd dynamics 
and performance. 
The objectives of this study were 
1) to evaluate the technical and economic aspects of heifer rearing, 
2) to review the currently available simulation and optimization models focused on heifer 
management, and 
3) to demonstrate the potential benefits of modelling studies to improve management programs 
for replacement heifers. 
2.2 Key issues in heifer management 
The cost of raising dairy replacement heifers is one of the largest for the dairy operation 
[15 to 20% of the total milk production cost (Heinrichs, 1996)]; however, heifer rearing is one of 
the least understood processes. The objective of rearing dairy replacement heifers is to minimize 
rearing costs and to maximize future profitability. A basic approach to reduce inputs is to 
shorten the nonproductive period (i.e., rearing time) of dairy heifers, which can be accomplished 
by lowering the age at parturition, by breeding heifers earlier (Amir and Kali, 1974; Hoffman 
and Funk, 1992). 
Ample research has demonstrated that the onset of puberty is determined by body weight 
(BW) (Daccarett et al., 1993; Gardner et al., 1977; Sejrsen et al., 1982). In general, heifers start 
to cycle at approximately 43% of mature BW (=275 kg for Holsteins) (Van Amburgh and 
Galton, 1993). By manipulating the feeding regimen, age at conception can be reduced to less 
than 9 mo (Amir and Kali, 1974). Many studies suggest that the optimal age at first calving is 
approximately 24 mo (breeding age, =15 mo). However, most of those studies have been based 
on production rather than on economic measurements (Heinrichs and Hargrove, 1987; Hoffman 
and Funk, 1992). 
The possible advantages of reduced age at first calving, such as decreased feed costs, 
greater cumulative production per month of age, a shorter generation interval, and lower 
overhead costs, must be weighed against the possible disadvantages, such as lower conception 
rates, increased dystocia, reduced milk production per lactation, reduced longevity, and the cost 
of increased planes of nutrition (Heinrichs, 1993; Hoffman and Funk, 1992; Lin et al., 1988; 
Sieber et al., 1988). Because of these various interrelationships with growth rate, heifer 
management decisions are complex. For a final economic evaluation of a reduced rearing period, 
the biological interrelationships between growth rate and subsequent reproduction and between 
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growth rate and the ability to produce milk appear to be of great importance (Gardner et al., 
1977; Hoffman and Funk, 1992; Simerl et al., 1992). 
2.2.1 Relationship between growth rate and subsequent milk production 
From several experiments (Foldager and Sejrsen, 1991; Stelwagen and Grieve, 1992), it 
can be concluded that feeding intensity during rearing can be divided into effects before and 
after sexual maturity. 
- Prepubertal growth rate. 
The effect of nutrition on mammary development is most critical before puberty during 
the allometric phase (Foldager and Sejrsen, 1991; Sinha and Tucker, 1969). Increased feeding 
intensity before sexual maturity causes changes in the secretion of hormones in the lactogenic 
complex, resulting in a reduced number of secretory cells in the mammary gland (Sejrsen, 
1994). Several studies have demonstrated an inverse curvilinear relationship between 
prepubertal growth rate and subsequent milk production. From their rearing experiments, Amir 
and Kali (1974), Foldager and Sejrsen (1987), and Waldo et al. (1989) concluded that a critical 
upper limit existed for a mean prepubertal daily gain of 0.7 to 0.8 kg/d in heifers of large dairy 
breeds (Holstein) beyond which milk production progressively declined. This finding compared 
favourably with the optimal growth rate of 0.5 to 0.6 kg/d that had been proposed by Swanson 
(1967) for rearing Jersey heifers from birth to conception, and that also had been verified as the 
optimal range in Red Danish heifers (Sejrsen, 1978) and British Friesians (Little and Harrison, 
1981). Li the experiments of Little and Harrison (1981) and Foldager and Sejrsen (1987), heifers 
grown at rates above the defined optimal prepubertal range produced 10 to 20% less milk during 
their first lactation. 
However, these findings have been contradicted by a number of rearing experiments 
(Stelwagen and Grieve, 1992; Van Amburgh and Galton, 1994; Waldo et al, 1989) in which the 
presumed negative effect of gain on milk production was not observed. In some of those studies, 
the lack of effect could be explained by small differences in feed intake, short treatment periods, 
or high pretreatment growth rates (Sejrsen et al., 1995). According to Foldager and Sejrsen 
(1991), the negative influence of high feed intake during one stage of the critical period cannot 
be compensated by reducing feed intake in the following stage, even when the overall mean 
prepubertal growth rate is satisfactory. Nevertheless, in a few experiments, the absence of a 
treatment effect cannot be explained in this way. In a recent Cornell study (Van Amburgh and 
Galton, 1994), rates of prepubertal growth up to 0.95 kg/d did not significantly affect milk 
production compared with growth rates of 0.70 and 0.84 kg/d (n = 192). The experiment of 
Gardner et al. (1988) resulted in a similar nonsignificant effect comparing prepubertal growth 
rates of 0.89 versus 0.78 kg/d (n = 433). Those results demonstrate that there is still much to be 
learned about the effect of nutrition during the prepubertal period on future milk production. 
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- Postpubertal growth rate 
After sexual maturity and during pregnancy, high feeding intensity also leads to a higher 
daily gain, but the consequences for the subsequent lactation are reversed. In this period, a high 
feeding intensity leads to higher BW and a better condition at calving. Such heifers require less 
energy for growth during their first lactation, have an increased ability to mobilise body reserves 
and have an increased feed intake capacity. 
In a survey of 163 commercial Holstein herds, Heinrichs and Hargrove (1987) found that 
replacement heifers in herds with more than 7264 kg of herd average milk production weighed 
525.9 kg at 24 mo, which was 10.7 kg more than heifers from lower producing herds. Keown 
and Everett (1986) evaluated 305,000 Holstein records and observed optimal first lactation milk 
production for heifers freshening at postcalving BW between 544 and 567 kg. A first lactation 
cow weighing 567 kg produced, on average, 806 kg more milk than did a first lactation cow 
calving at less than 408 kg. Recent research on Holstein heifers at Cornell (Van Amburgh and 
Galton, 1994) has demonstrated optimal milk production for heifers with postcalving BW of 545 
to 565 kg. Heifers with postcalving BW greater than 590 kg tended to have lower milk 
production. 
As demonstrated in several field surveys (Heinrichs and Hargrove, 1987; Hoffman and 
Funk, 1992; Keown and Everett, 1986) and experiments (Clark and Touchberry, 1962; Van 
Amburgh and Galton, 1994), the effect of a greater BW at first calving is an increase in milk 
production. The extent to which excessive BW at first calving affects productivity requires 
further investigation. 
- Quantification 
From the composite of rearing data, recommendations have been made concerning the 
optimal average daily gain during prepubertal growth and the optimal BW at first calving. Such 
recommendations appear to be scientifically valid, but their use requires careful interpretation 
for three main reasons. First, the database on mammary development is based on results from 
different breeds of cattle. Because of differences in genetic background, a single 
recommendation for prepubertal average daily gain of 700 g/d may be appropriate for large 
dairy cattle, such as Holsteins, but may be excessive for Jerseys. Second, genetic selection for 
milk production over time may alter tissue distribution in growing replacement heifers. 
Therefore, the use of dated literature to quantify heifer growth rates could be invalid. Finally, 
growth rate, BW at first calving, and age at first calving are generally correlated, making it 
difficult to ascertain independently the effects of each variable on productive performance 
(Foldager and Sejrsen, 1987). In rearing experiments, there will always be the existence of two 
experimental variations. Plane of nutrition during rearing will affect BW at first calving unless 
the age at calving is changed accordingly. Therefore, experiments with replacement heifers can 
be grouped as demonstrated in Table 2.1. 
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Table 2.1 Rearing experiments grouped according to experimental variations. 
Group 
1 2 3 
Growth strategy Different Same Different 
BW at first calving Different Different Same 
Age at first calving Same Different Different 
Most of the earlier studies were conducted using heifers with the same age at first 
calving but with different growth strategies and BW at first calving. However, more recent work 
resembles experiments in which heifers with the same BW at first calving but with different 
growth strategies and ages at first calving were used. Analyses of field data generally involve 
heifers with the same growth strategies but with different ages and BW at first calving (Foldager 
andSejrsen, 1987). 
Because an increase in growth rate is generally required to decrease age at calving or to 
increase BW at calving, it would be invalid to explain the effects of milk production only in 
terms of growth rate, BW, or age (Hoffman and Funk, 1992). Clark and Touchberry (1962) 
determined that age independently influenced first lactation milk production, but that its 
influence was approximately fourfold less than that of BW. Fisher et al. (1983) reported similar 
results. The independent effects of age were assumed to account for only a small fraction of milk 
production during the first lactation. Therefore, negative effects associated with accelerated 
prepubertal growth rate were proposed as the primary influence on reduced milk production in 
experiments using heifers with the same BW at first calving but different growth strategies and 
different ages at first calving (Foldager and Sejrsen, 1987; Sejrsen, 1978). 
2.2.2 Relationship between growth rate and reproductive performance 
- Conception rate. 
Breeding at an earlier age may tend to lower the conception rate after first AL 
Information regarding the relationship between age of heifers and conception rate is limited, hi 
the experiment of Lin et al. (1988), one group of 253 Holstein and Ayrshire heifers was bred 
after 350 d of age (BW, 301 kg), and a second group of 249 contemporary heifers was bred after 
462 d of age (BW, 369 kg). Both breeding groups were subjected to similar feeding and 
management practices. Although not significant, heifers bred after 462 d tended to have a higher 
conception rate (47% vs. 38%) than those bred after 350 d. 
Little and Kay (1979) reared three groups of British Friesian heifers of which groups A 
(n = 36) and B (n = 21) had a mean daily gain exceeding 1 kg/d, and group C (n = 29) had a 
mean daily gain that never exceeded 0.74 kg/d. Heifers in group A were first bred at a mean age 
of 43 wk (BW, 302 kg). Heifers in groups B and C were bred later at a mean age of 78 wk (BW, 
443 and 353 kg, respectively). There were no significant differences among the proportions of 
heifers conceiving at first AT in groups A (55.5%), B (66.7%), or C (72.4%). The conception 
rates tended to be somewhat lower at higher growth rates and at younger ages. 
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However, because BW is a measurement of physiological maturity, it should be noticed 
that although the heifers in groups B and C were bred at the same chronological age, they 
strongly differed in physiological age. Byerley et al. (1987) demonstrated in an experiment with 
beef heifers that the 89 heifers bred at pubertal oestrus had a significantly lower conception rate 
than did 67 contemporaries bred at third oestrus (57% vs. 78%). These results suggest that 
heifers that have at least two to three oestrus cycles before breeding have higher conception 
rates. 
- Dystocia 
Several studies (Erb et al., 1985; Thompson et al., 1983) have defined a profoundly 
negative correlation between BW at first calving and incidence of dystocia. Certain management 
techniques, such as selection of sires, can be employed to reduce dystocia. However, Erb et al. 
(1985) suggested that dystocia in heifers was related primarily to BW at first calving. The 
replacement heifer must have adequate BW or frame size to reduce the incidence of dystocia. 
Age at first calving seemed to have no significant effect on calving difficulty. The minimal 
critical BW is obviously dependent on breed and breeding management 
Dystocia has many possible detrimental effects beyond those associated with calving. In 
the analysis by Erb et al. (1985), replacement heifers with dystocia were 2.9 to 4 times more 
likely to have retained placenta or metritis or to be culled involuntarily. A similar evaluation by 
Thompson et al. (1983) showed that dystocia at first calving resulted in many health problems, 
including impaired reproductive performance, milk fever, retained placenta, and mortality of the 
calf, dam, or both. 
23 Dairy heifer management decisions 
There are two main areas in which the producer employs control over the replacement 
enterprise. First the producer needs to select a nutritional plane of growth. This nutritional plane 
may in fact consist of multiple nutritional planes, dependent on age, environment and available 
feedstuff's. Second, the producer needs to select a breeding age along the nutritional plane to 
target BW at calving. These two management controls are biologically intertwined because 
puberty is a function of BW. The ultimate economic outcome of the selected feeding regimen 
and breeding strategy depends on the balance between negative and positive impacts. 
2.3. J Feeding aspects 
Feeding regimen determines the daily gain of the heifer and thus influences her 
reproductive and future productive performance. The rations that are fed to heifers also represent 
the largest cost associated with heifer rearing [40 to 70% (Stelwagen and Grieve, 1992)]. 
A BW of 530 kg after calving at an age of 24 mo could be achieved by an average daily 
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gain of approximately 650 g/d prior to puberty and 800 g/d postpuberty depending on BW at 
birth. However, alternative systems may also prove adequate to achieve recommended BW at 
calving. For example, heifers on a compensatory feeding regimen (a low quality diet with high 
fiber during prepuberty followed by a diet of high nutrient density during postpuberty) have 
shown an increased rate of BW gain over time, which allowed the heifers to mature at the same 
rate as those fed at a consistent and normal plane of nutrition. Park et al. (1987) showed that 
even heifers in a sequential compensatory feeding strategy gained more, consumed less, and 
produced more milk during the first lactation than did heifers fed according to NRC 
requirements (National Research Council, 1978). 
2.3.2 Seasonal aspects 
Seasonal effects on the production of milk, fat, and protein and on prices of feed, milk, 
meat, and calves can substantially influence economic results (Jalvingh et al., 1993). Heifers 
calving in different months have different lifetime gross margins. Therefore, a producer must 
balance the economic consequence of various BW gain strategies with seasonal calving 
advantages to maximize profitability. Jalvingh et al. (1993) demonstrated the influence of 
seasonal variation on performance and prices by simulating, for all possible months of calving, 
the ufetime costs and revenues per lactation for an average Dutch cow with a calving interval of 
12 mo. The gross margin appeared to be the highest for cows calving in October ($2804; US 
dollars), and lowest for cows calving in March ($2639), implying a maximum difference of 
$165. 
Decisions regarding prepubertal BW gain will ultimately influence the time that a heifer 
can be bred and thus, indirectly, the time a heifer will calve. Hence, prepubertal strategies for 
BW gain determine how many of the seasonal advantages a producer might capture. 
2.3.3 Influence of first calving age on feed cost: A Dutch example 
To understand the decrease in feed costs caused by lowering age at parturition, a simple 
linear programming (LP) model was used to calculate the least-cost rations for different growth 
strategies. The LP model (see Appendix) was based on the Dutch feeding recommendations and 
standards of 1995 [(Centraal Veevoederbureau, 1995; Hof, 1995, personal communication). 
With the LP model, the least-cost ration formulation for a given BW gain strategy could 
be calculated on a monthly basis, assuming a controlled feeding system. The simulated gain 
strategies are based on the growth pattern advised in The Netherlands, resulting in a similar BW 
after calving (528 kg) at different calving ages. Within each strategy, growth rate during the 
weaning period (2 mo) is fixed, considering equal feeding costs among calves during this period. 
The composition of the feed intake depends on the energy and protein requirements, the DMI 
capacity, and the feed quality. The feedstuffs used in this model are typically fed in practice; 
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summer (May through October) heifers feed on grass and concentrates, and winter (November 
tnrough April) heifers feed on silage and concentrates (see Appendix for more details on input 
variables). 
Because of the seasonal influence (price, availability, and energy content) on the feeding 
ration, the cumulative feed costs are calculated for heifers born at different calendar months. The 
calculated cumulative feed costs for each simulated growth strategy, resulting in a similar 
postcalving BW of 528 kg, are given in Table 2.2. 
By reducing the rearing period (i.e., lowering age at parturition), the amount of energy 
required for maintenance decreases, resulting in lower cumulative feed costs. This reduction in 
feed costs is greater when shortening the rearing period is coupled with a reduction in the 
number of expensive winter months (on average, $30 per winter month vs. $15 per summer 
month). Because of seasonal variation, the reduction of the rearing period from 26 to 22 mo has 
a larger impact on feeding costs of a heifer born in January than on the costs of a heifer born in 
October. 
Table 2.2 
Month of birth 20 mo 
Calvingage 
22 mo 24 mo 26 mo 
January 458 486 547 605 
April 468 526 580 615 
July 505 557 573 599 
October 495 516 542 587 
Average 482 521 561 602 
2.4 Models to support heifer management decisions 
To maximize herd profits, producers are faced with the complex dilemma of minimizing 
costs associated with heifer rearing and maximizing future cow performance. Several decisions 
made by the producer interact and ultimately influence total profitability. A thorough 
understanding of these interactions is still lacking. Therefore, a model simulating heifer 
management decisions and their potential impact on the resulting herd dynamics and 
performance could be helpful in the evaluation of the technical and economic consequences of 
various rearing strategies. 
A model is a simplified representation of a system that can be used to predict the effects 
of changes within that system. The structure of a model can be described by the following basic 
characteristics (Jalvingh, 1992): 
• Simulation versus optimization. Simulation models calculate the outcome of predefined sets 
of variables, whereas optimization models determine the optimum solution given the 
objective function and restrictions. 
• Deterministic versus stochastic. Deterministic models make definite predictions for 
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quantities, while stochastic models deal with probability distributions and random elements 
to deal with uncertainty. 
• Static versus dynamic. Static models are not able to simulate the behaviour of a system over 
time, but dynamic models are. 
2.4.1 The rearing problem structured by dynamic programming 
The approach commonly used in models to optimize herd dynamics is dynamic 
programming (DP). White (1959) first suggested that DP could be applied to solve on-farm 
decision problems. He determined optimal replacement policies for flocks of laying hens and 
drew attention to the scope of the DP technique for application to other types of livestock. Since 
then, many DP applications in the field of dairy cow and sow replacement have been published 
(Delorenzo et al, 192; Jalvingh, 1992; Kristensen, 1993; Van Arendonk and Dijkhuizen, 1985). 
Dynamic programming is concerned with processes that involve a sequence of decisions 
over a given time (planning horizon) split into periods or stages. At each stage, the state of the 
process is observed, and a decision concerning the process has to be made. The state of the 
process (animal) is specified by a set of parameters, termed state variables, such as age and 
production in the case of dairy cattle. Each state variable consists of a finite number of distinct 
values. The decision influences the state to be observed in the next stage, and depending on the 
state and the decision made, an immediate reward is obtained. Optimization starts at the end of 
the planning horizon and moves backward in time to the present stage. At each stage, the 
optimal decision is determined for all combinations of state variables by maximizing (or 
rmnimizing) a predefined objective function. The combined effects of the current decision and 
the predetermined optimal sequence of decisions during the remainder of the planning horizon 
are considered according to Bellman's principle of optimality (Bellman, 1957). 
In addition to the sequential approach, DP is able to handle certain problematic 
characteristics that other methods cannot deal with adequately. Two of these characteristics are 
nonlinear objective function coefficients and probability or stochastic outcomes. Dynamic 
prograrriming is, therefore, a very suitable technique to account for biological variation among 
animals (Kennedy, 1981; Van Arendonk, 1984). 
Heifer rearing is an obvious example of a sequential decision problem. The same DP 
principles can therefore be used to structure the rearing problem. The decisions to be made 
concern the choices of a BW gain strategy and a breeding policy; the objective function 
concerns the maximization of expected returns above rearing costs per day of productive life. 
Galligan et al. (1995; 1996) were the first to apply DP to heifer management by using 
DP methodology to determine the optimal sequence of daily gain decisions, resulting in a 
maximization of the returns per day of life. The problem was structured with time (90 d per 
stage) as a stage variable (12 stages) and seven categories of BW gain (227, 340,454,567, 680, 
794, 907 g/d). An LP model was used to formulate least-cost rations for each BW and BW gain 
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strategy. Seasonal feed prices, quality, and availability, as well as seasonal milk production 
efficiencies, were based on Dutch conditions. Calving BW ranged from 499 to 612 kg. The DP 
model determined, for each possible month of birth, the optimal sequence of BW gain strategies, 
accounting for the trade-offs of seasonal dependent rearing costs and seasonal milk production 
returns. The model suggested that heifers bom from January to April, November, and December 
should calve at 20 mo; heifers born from May to July should calve at 26 mo; and heifers born 
from August to October should calve at 23 mo. Returns per day of life ranged from $2.64 to 
$3.52. 
In reality, heifer rearing involves more complex issues than are illustrated by this model. 
For instance, in this first approach, the biological relationships are left unnoticed. An extended 
DP model in which the underlying biological complexity is included would therefore result in a 
more accurate determination of the economically optimal sequence of heifer management 
decisions. 
2.4.2 Dairy cattle management information models 
The main purpose of rearing livestock is to produce replacement heifers, making the 
replacement enterprise an indispensable component of the complete dairy herd. Opportunity 
exists for dairy farm managers by coordinating heifer rearing policy with cow replacement 
policy. In the literature, several modelling studies deal with optimal dairy cow replacement 
regarded as a single-component system [i.e., only the dairy cow is considered, assuming an 
unlimited supply of replacement heifers (Delorenzo et al., 1994; Houben et al., 1994; Kristensen, 
1993; Van Arendonk and Dijkhuizen, 1985)]. In reality, however, the supply of dairy 
replacements is limited, making the replacement problem a multi-component system. With a 
limited number of heifers, the replacement options are limited. Therefore, the replacement 
decision concerning one cow depends not only on the state of the particular cow but also on that 
of the other cows and heifers in the herd (Ben-Ari and Gal, 1986; Kristensen, 1992). The 
problem is how to determine the optimal herd composition from the available population of 
dairy cows and replacement heifers. 
In a multi-component system, the rearing and dairy units are considered simultaneously, 
making the size of a total optimization model beyond computational capacity (Kristensen, 
1992). To avoid this problem, separate submodels can be developed that simulate each process 
of the system in both an aggregated and detailed manner. The total result of specific tactics can 
be evaluated by the combination of certain submodels. 
2.4.3 Modelling studies focused on dairy heifer management 
Only one model was found (S0rensen, 1989) that emphasised the management of 
replacement heifers, thereby simplifying the simulation of dairy cows. S0rensen (1989) 
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constructed a dynamic simulation model to evaluate alternative management strategies for the 
production of replacement heifers in a Danish dairy production unit. The simulated production 
strategies concerned feeding, grazing, culling, reproduction, and location of heifers. To generate 
female calves in a realistic manner, the dairy herd was also included in the model. However, 
each cow in the dairy herd was described by only two state variables, i.e., priority for culling and 
interval to next calving, leaving the influence of replacement policy on rearing policy unnoticed. 
Replacements only entered the dairy herd if there were dairy cows to cull; otherwise, they were 
sold. In application, a production strategy typical of Danish conditions was used as standard 
strategy. As an alternative strategy, only the technical results of an improved reproduction 
strategy were mentioned. From these simulation results, it appeared that seasonal variation in 
oestrus detection rate and energy allowance caused by grazing management could have a 
significant influence on the production of replacement heifers. 
2.4.4 The dairy herd as a multi-component system 
Gartner (1982) developed a computer simulation model that considered the interaction 
between calf rearing and the dairy unit to examine the financial consequences of different 
replacement policies on dairy farms on which heifers competed with dairy cows for the same 
grassland. Several model experiments were conducted to evaluate the effect of different 
replacement rates on profitability of the herd and herd improvement. The driving variables that 
changed in each experiment were replacement rate, age at first calving, calving index, and AI-
sire merit. An increase in replacement rate was not always apparently associated with a fall in 
profitability, and an improvement in milk production per cow was not always associated with a 
rise in profitability. The model of Gartner (1982), however, was based on a very general 
description of the heifer and dairy units. For instance, all calvings occurred on the first day of 
each year, and rearing costs were independent of the length of the rearing period. Therefore, the 
model was limited in its capacity to visualise the complete system. 
In 1986, Ben-Ari and Gal (1986) introduced the parameter iteration method to find an 
optimal replacement policy for a dairy production system, including the limited supply of 
replacement heifers. This method approximated the total expected profit of the herd at a given 
herd composition using a function that involved a set of parameters to describe the relationship 
between the total expected profit and the present herd composition. The application of Ben-Ari 
and Gal (1986), however, was very simple, by modelling only 180 states within the dairy herd, 
and no results were presented to show the advantages of this method over the results from a 
single-component replacement model. For these reasons, Kristensen (1992) extended the use of 
the parameter iteration technique to consider in what way limited supply of heifers affected the 
optimal replacement solution based on the single-component system with unlimited heifer 
supply. 
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In the multi-component model of Kristensen (1992), a dairy cow is replaced if its future 
profitability is negative and if a replacement heifer is available. Hence, replacement policy is 
influenced by predefined heifer management, and rearing strategy (concerning feeding strategy 
and breeding plan) is determined independently of replacement policy. Heifers are described 
only by state variables defined by age and pregnancy. The influence of growth rate is not 
considered. 
From the results, it could be concluded that for a limited supply of heifers, the multi-
component model improved the economic result (calculated as revenues from milk, calves, 
culled cows minus costs of feed, and heifers per cow per year) considerably compared with the 
more common single-component model (Kristensen, 1992). 
2.5 Discussion 
The approach commonly used in models to simulate herd dynamics is dynamic 
stochastic simulation. Dynamic programming is of value in situations in which a sequence of 
decisions has to be taken as in heifer rearing. In a dynamic model, individual animals are moved 
forward through time, modifying the status of each animal according to the outcome of various 
management decisions (Houben et al., 1994; Jalvingh, 1992; Van Arendonk and Dijkhuizen, 
1985). Until now, only a few dynamic models have been developed in which the management of 
replacement heifers is considered. Expected benefits of dynamic models for this use, however, 
would be significant 
The calculated least-cost rations indicate that feed cost savings for reducing the age at 
calving from 26 to 22 mo could vary from $42 to $119 per heifer. If heifers calve at 26 mo 
rather than at 22 mo, larger milk returns are needed to cover additional feed costs. However, 
seasonality is another factor that influences economic results (Jalvingh et al., 1993), making the 
reduction of the rearing period more or less attractive. 
When management schemes are developed, all biological effects of growth and 
development on the output potential of the replacement heifer have to be considered. Although 
productive inputs need to be minimized, the productive performance of the heifer has to be 
maintained. At present, the interrelationships of management factors are not well understood. 
Additional research is needed to determine how replacement rearing systems affect productivity 
and profitability of the heifer. However, future research programs are limited because of the 
enormous cost associated with rearing experiments. Therefore, DP can be used to structure 
rearing problems, resulting in a better understanding of the consequential effects of heifer 
management decisions on the underlying biology of the heifer. Sensitivity analysis provides 
valuable information regarding the critical biological components of heifer rearing. By 
detennining these critical components, future research programs can be conducted. 
The addition of seasonal variation to a dynamic model that is based on the biological 
aspects of heifer rearing makes it possible to simulate the management decisions of a dairy farm 
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for which heifer rearing is the main farming activity (one-component system). Such a model 
starts with neonatal calves and ends with grown heifers to be sold at market prices. The results 
would provide insight into the economic consequences of the various management aspects and 
decisions on a farm basis. 
The calculations of the cumulative feed costs are based on the assumption of controlled 
feeding even during pasture. Jn reality, the actual feed intake is very uncertain, and, during 
pasture, even more difficult to predict. The intake of grass could be controlled by livestock 
density, but the quality of grass remains uncertain. With a DP model, it should be possible to 
compare the economic result of a completely controlled feeding system with the result of a 
system in which the quality of grass is described as a stochastic variable. The difference in 
economic results could be interpreted as the cost of uncertainty during pasture, resembling the 
economic efficiency of controlled feeding versus pasturing. 
In Europe, most dairy farmers use home-grown heifers as replacements, mainly because 
of the risk of introducing infectious diseases in the herd when replacements are bought. The 
supply of replacement heifers will therefore be limited; the rearing unit produces heifers that are 
introduced into the dairy herd, and the dairy herd produces the calves that are the input to the 
rearing unit (multi-component system). In a dairy farm production system, the management 
decisions concerning the rearing of livestock and replacement of dairy cows are therefore 
strongly influenced by one another. In a multi-component system, operational and tactical 
decisions regarding heifer rearing need to be fully specified in terms of their effects on the 
strategic goals for the herd. 
Current dairy cow replacement models (Delorenzo et al., 1992; Houben et al., 1994; 
Kristensen, 1993; Van Arendonk and Dijkhuizen, 1985) have focused on when the dairy cow 
should be removed from the herd by dealing with decisions surrounding the adult cow and have 
assumed that replacement heifers are available at a certain economic value. Further opportunity 
exists for farmers to coordinate heifer rearing policy with cow replacement policy. This method 
would allow producers to deal with replacement issues at a more strategic level. To utilise this 
opportunity, insight into the heifer management decisions and their consequential effects on the 
underlying biology of the heifer and resulting herd dynamics is needed. The use of dynamic 
programming techniques is considered an appropriate method to study these matters. 
In the dynamic simulation model constructed by S0rensen (1989), the simulated 
production strategy depended on decisions concerning energy availability, insemination strategy, 
and disease treatments. The relationship between the rearing rate of heifers and the replacement 
rate of dairy cows was not considered. With that model, no sensitivity analyses were performed 
to evaluate the most critical aspects. For instance, the estimated influence of the energy intake 
during the critical prepubertal period on milk production performance was kept constant, 
therefore leaving the economic impact of a small variation in this relationship unknown. In the 
multi-component optimization model of Kristensen (1992), the main subject was still the dairy 
cow by investigating only the influences on replacement management. In an optimal 
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management model of a dairy farm production system, rearing and replacement activities should 
be optimized simultaneously. 
As previously mentioned, benefits of a simulation model considering the rearing of 
livestock are expected to be significant because various management strategies concerning 
feeding and breeding can be evaluated. Insights and knowledge gained by these simulations can 
further be used to develop a dynamic optimization model. An optimization model allows 
determination of the optimal sequence of daily gain rations and the optimal moment of 
insemination given the production potential and season of birth of the heifer. 
Research is underway to develop a dynamic optimization model for heifer rearing as a 
single-component system, and, in the ultimate phase, as a multi-component system. The ultimate 
multi-component model should be able to support management decisions focusing on individual 
farm situations in which rearing and replacement activities are optimized simultaneously. 
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Appendix 
Linear programming (LP) has widely been used in the formulation of diets for dairy 
catde. For the heifer gain problem, the following linear program was structured. 
The objective Junction 
Minirnize^C^i 
where 
Q = cost of feed i per kilogram of DM, and 
Xj = kilogram of DM of feed i. 
Restrictions 
£ x r < MaximalDMI -Sx c , 
^ V E M J X J = Net energy requirement, 
^ D V E . X j > Net protein requirement, and 
x. < Maximal X; 
= kilogram of DM of roughage r, 
= kilogram of DM of concentrate c, 
= DMI capacity (kilogram of DM), 
= substitution rate (kilogram of DM roughage per kilogram of 
DM concentrate), 
= Dutch feed unit for energy content of feed i per kilogram of DM 
(1000 VEM = 6.9 M J (NEJ), 
= Dutch feed unit for protein content of feed i per kilogram of DM 
(1 DVE = 1 gram of true protein digested in the small intestine), and 
= maximum kilogram of DM of feed i available per animal. 
where 
x r 
Xc 
DMI = 
S 
VEM* 
DVEj = 
Maximal Xi = 
22 
F^timations of net energy and protein requirements, the maximal DMI capacity, and the 
substitution rate of roughage by concentrate are based on the Dutch feeding recommendations 
and standards of 1995 (Centraal Veevoederbureau, 1995; Hof, 1995, personal communication). 
Using this LP model, the least-cost ration formulation can be calculated for a given BW 
gain strategy on a monthly basis (Table A2.1). The simulated gain strategies are based on the 
growth pattern advised in The Netherlands for a calving age of 24 mo (Boxem et al., 1991), 
resulting in a similar BW at calving at different calving ages. Within these calculations, growth 
in the first 2 mo is fixed at 575 g/d and, in the last 2 mo of gestation, at 325 g/d. Birth weight is 
set at 40 kg. 
The feedstuff's used in this model are feeds typically fed in reality. Table A2.2 gives a 
summary of the nutritional characteristics. Heifers older than 4 mo of age are pastured from May 
until November. 
Table A2.1 Strategies for BW gain to achieve 528 kg of BW after calving. 
Strategy Age (mo) Growth rate (g/d) 
26 mo at calving 3 to 9 755.7 
10 to 17 630.7 
18 to 24 555.7 
24 mo at calving 3 to 8 825 
9 to 15 700 
16 to 22 625 
22 mo at calving 3 to 8 898.6 
9 to 14 773.6 
15 to 20 698.6 
20 mo at calving 3 to 8 990.6 
9 to 13 865.6 
14 to 18 790.6 
Table A2.2 Feed characteristics 
Energy Protein Price 
(VEM'/kgof DM) (DVRVkgofDM) ($/kgofDM) 
Concentrate 1045 100 0.221 
Grass 
before Jul 1 985 98 0.107 
from Jul 1 to Sep 1 960 102 0.107 
after Sep 1 955 104 0.107 
Grass silage 850 70 0.152 
Maize silage 910 50 0.195 
Hay 780 65 0.237 
Dutch Feed Unit: 1000 VEM = 6.9 MJ NE,. 
Amount of true protein digested in small intestine. 
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Chapter 3 
Dairy Heifer Management in the Netherlands: a Field Survey1 
Abstract 
The objective of this study was to reflect the Dutch rearing performance by the 
evaluation of performance indices at the moments of weaning, breeding and calving. A 
second objective was to determine the extent to which dairy farmers use pre-set rearing 
targets and data monitoring for the evaluation of their rearing results. A questionnaire was 
sent to 3000 randomly chosen dairy cattle farmers to survey their heifer rearing practices. 
Almost a third of the farmers (n=959) completed and returned the questionnaire. 
The overall average age at which the majority of the dairy heifers calved equalled 25.6 
mo. Of the farms surveyed, 29% realised an average age at first calving of 24 mo or less, 51% 
from 25 to 27 mo, and 20% of 27 mo or more. The farmers indicated that the average body 
weight after calving was within the range of 525-550 kg. Average wither height class 
corresponded with 141 to 145 cm. Most farmers estimated the body condition score of their 
heifers at calving to be 3-3.5. 
Results from the survey demonstrated that intermediate evaluation of the rearing 
policy by means of performance goals and measurements was limited. Along with the fact 
that many of the reported performance indices on age and body weight were outside the range 
of the general recommended target values, the results indicated that the common Dutch heifer 
rearing management system could be improved considerably. 
3.1 Introduction 
In the Netherlands an average of 25 to 35% of the dairy herd is culled each year 
(Nederlands Rundvee Syndicaat, 1997) and has to be replaced. This makes replacement 
rearing an essential part of the dairy farm management. 
A dairy farmer controls his rearing unit by the determination of a nutritional plan of 
growth and a breeding schedule. The ultimate goal of replacement rearing is to reach first 
calving age at a predetermined target time with less as possible health problems and with an 
optimal growth rate at rninimal costs (Mourits et al., 1997; Quigley HI et al., 1996b). To guide 
1 Paper by Mourits, M.C.M., Van der Fels-Klerx, H.J., Huirne, R.B.M. and Huyben 
M.W.C., submitted for publication to Preventive Veterinary Medicine. 
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optimal development and to identify deviations from pre-set rearing targets at an early stage, 
heifers must be monitored throughout the rearing period. Essential tools in the management 
of replacement heifer rearing are, therefore, record keeping, data monitoring and evaluation 
(Quigley HI et al., 1996b). 
Unfortunately, as a component of the management system the rearing of dairy 
replacements is often overlooked (Mourits et al., 1997). Many dairy farmers consider the 
rearing period as a non-productive period in the cow's life, which requires little attention. A 
better understanding of the most limiting areas in heifer management would, therefore, be 
useful to enhance the efforts of farm advisors in providing practical recommendations. 
The costs of raising dairy replacements depend to a large extent on the age at first 
calving. Reducing the age at first calving offers advantages such as lower overhead costs, 
decreased feed costs, decreased overcrowding and increased production per day of herd life 
(Hoffman and Funk, 1992; Mourits et al., 1997). In the Netherlands average age at first 
calving corresponds with 26 months (Nederlands Rundvee Syndicaat, 1997), despite the 
general recommendation of a calving age of 24 months or lower (Hoffman and Funk, 1992; 
Mourits et al., 1997). However, the economic efficiency of a rearing strategy can not be 
measured solely by the age at first calving (Mourits et al., 1997). Also, performance indices, 
as body weight (BW), average daily gain, and body condition score (BCS), are needed to 
evaluate the physiological development of the heifer. Nevertheless, insight into these 
performance indices is critically lacking. 
The objective of this study was to evaluate the heifer rearing management practices in 
the Netherlands by means of a large field survey. In particular, performance indices at 
weaning, breeding and calving were used to reflect the Dutch rearing performances. A second 
objective was to determine the extent to which dairy farmers evaluate their own rearing policy 
by means of pre-set rearing targets and data monitoring. 
3.2 Materials and methods 
A self-actaiinistered questionnaire was designed to collect the information on the 
Dutch heifer rearing practices. The areas of importance were revealed by means of an 
extensive literature review on heifer rearing. The areas revealed by this review and covered 
by the questionnaire were rearing goals, feeding, housing, health, reproductive management, 
and calving practices. In addition to this fields the questionnaire contained questions on the 
farm itself. A draft questionnaire was pretested on 10 dairy farms. Results and feedback 
received from this pretest were used to fine-tune the questionnaire. The final version 
consisted of 8 parts with 61 questions. The type of questions were open-ended (n=19), semi-
closed (n=25) as well as closed (n=17). A more detailed outiine of the questionnaire design is 
given in the Appendix (Table A3.1). 
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Three thousand dairy farmers, approximately 10% of the dairy farmers in The 
Netherlands (Silvis and Van Bruchem, 1998), were approached with the questionnaire by 
mail. The farmers were selected at random from the mailing list of the Dutch Animal Health 
Service. This mailing list covers all dairy farmers in the Netherlands. 
The questionnaires were sent to the farmers in November 1998. Each survey was 
accompanied by a cover letter explaining the purpose and scope of the study and asking for 
participation. In order to encourage participation, the cover letter pointed out that the results 
would help to improve the Animal Health Service to provide high-quality advice on heifer 
rearing. It was stressed that all individual information collected would be kept stricdy 
confidential, and that only summary results without any personal identification would be 
published. The farmers were asked to respond within a period of 5 weeks. Three weeks after 
the first mailing a reminder was sent to farmers, who had not responded until that time. 
The extensive questionnaire resulted in a considerable amount of information 
concerning the Dutch rearing practices. All data transformations and descriptive analyses 
were performed using the statistical program SPSS 7.5 (Norusis, 1993). 
In this chapter, the emphasis is on the general aspects of dairy replacement 
management, depicted by weaning, breeding and calving characteristics. Aspects concerning 
housing and health management will be discussed elsewhere (Van der Fels-Klerx et al., in 
preparation). 
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3.3.1 General herd characteristics 
Within the defined response period of 5 weeks, 959 farmers completed and returned 
the questionnaire, reflecting a response rate of 32%. Table 3.1 shows the average farm 
characteristics of the respondents along with the average farm characteristics of the total 
population of Dutch dairy farms. Based on the correspondence in average farm 
characteristics, the farms within the survey were considered to be representative for the total 
population. Average herd and farm sizes were, however, slightly larger within the surveyed 
sample than in the total population. Relative distribution of respondents per region 
corresponded with the relative distribution of dairy farms per region. 
The standard deviation and range within the characteristics of the surveyed farms 
demonstrate a large variation among dairy farms. Among the respondents there were two 
farmers who were specialised in heifer rearing, explaining the zero within the range of dairy 
herd size and the large numbers within the range of number of young stock. Furthermore, 
there were 6 farms without any young stock younger than 1 year and 5 farms without any 
young stock older than one year. 
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Table 3.1 Farm characteristics of the Dutch dairy farm population (N=30.400) and the dairy farms 
surveyed (n=959). 
Farm characteristic Dutch population Survey 
X X SD Range 
Herd size 
dairy cows 51.9" 56.2 28.7 0 - 301 
young stock > 1 yr 24.2" 22.2 14.0 0 - 160 
young stock S 1 yr 17.3 b 21.6 13.1 0 - 255 
Grass and arable land (ha) 32.0" 33.4 17.3 2 - 164 
Intensity (Livestock Unit/ha) 2 .1 c 2.2 0.6 0.6- 7.4 
305-days milk production 7664" 7769 1021 3300- 10973 
Source: 
" Silvis and Van Bruchem (1998). 
b Centraal Bureau voor de Statistiek (1997). 
0 Derived from Centraal Bureau voor de Statistiek (1997) and Silvis and Van Bruchem (1998). 
d Nederlands Rundvee Syndicaat (1997). 
The primary breed of dairy cattle (Table 3.2) was Holstein for 65.4%, Meuse Rhine 
Yssel (MRY) for 14.7% and Red Holstein for 10.9% of the operations. The average 305-days 
herd production differed significantiy among these breeds (One Way ANOVA: F=71.4, 
P<0.01). 
Table 3.2 Average milk production and calving age by breed. 
Breed 305-days milk production (kg) Calving age (mo) 
nb nb X SD nb X SD 
Holstein 627 610 8059 876 603 25.3 1.3 
MRY 141 120 6655 1017 129 26.4 2.0 
Red Holstein 105 102 7577 675 99 25.9 1.6 
Friesian Holstein 33 28 7371 1049 27 25.6 1.6 
Other" 12 9 6435 1310 12 25.8 1.9 
Total 918 869 7769 1021 870 25.6 1.6 
"Other breeds: Blister Head, Jersey, Monte Beliarde, Brown Swiss. 
b Number of missing values differed per subject 
3.3.2 First calving 
In general, the distribution of calving age is skewed toward older heifers. Due to this 
skewness, the mean value of calving age exceeds the mode value. To prevent an indistinct 
definition of the average first calving age, the farmers were explicitly asked for the age at 
which the plurality of the heifers gave birth (= mode value). Furthermore, the farmers were 
asked to indicate the range (i.e., minimum and maximum calving age), to provide information 
on the dispersion in calving age (Table 3.3). The overall average age at which the majority of 
the dairy heifers calved equalled 25.6 mo. Of the farms surveyed, 29% had an average value 
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for first calving age of 24 mo or less, 51% from 25 to 27 mo, and 20% of 27 mo or more 
(Figure 3.1). 
Table 3.3 Descriptive values of first calving age. 
n X SD Range 
First calving age (mo): 
mode 900 25.6 1.6 22 -36 
maximum 836 29.5 2.8 24 -48 
minimum 838 23.4 1.1 18 -29 
target value * 768 24.8 1.3 20 -32 
a Target value set by the farmers themselves. 
Eighty percent of the farmers (n = 768) indicated to aim for a specified target age at 
first calving. Of these farmers, more than 50% strove for the recommended target age of 24 
mo, while 24% aimed for a calving age of 26 mo or more (Figure 3.1). The farmers who 
considered a target calving age tended to realise a lower average calving age (x = 25.4 mo, 
SD = 1.4), than the farmers who did not consider a pre-set target age (X = 26.1 mo, SD = 2.0). 
This inequality between the two subsets of farmers proved to be significant (Independent 
sample f-test: t = 4.0, P<0.01). 
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Figure 3.1 Distribution of first calving age on the surveyed farms based on the realised calving age of the 
majority of the heifers (= realised), and the indicated target values of age at first calving 
(= target). 
Subdividing average age at calving by breed (Table 3.2) demonstrates a lower calving 
age for the typical dairy breed Holstein and a higher calving age for the so-called double 
purpose breed MRY. Comparison of the average calving ages resulted in a significant 
difference between these breeds (Independent sample f-test: t = 5.5, P = <0.01). 
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Figure 3.2 demonstrates the distribution of the surveyed farms based on the most 
frequentiy observed body weight after first calving. It should be noticed that only 1.4% of the 
farmers actually weighed the heifers after calving; the majority gave an estimation of body 
weight after calving. 
40 Swith target 
(n=384) 
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Figure 3.2 Distribution of post calving weight classes based on the most frequently observed weight 
classes after calving on the surveyed farms, subdivided by the fact whether the farmers 
aimed for a pre-set target value (= with target) or not (= without target). 
The small interest in calving weight also reveals itself in the fact that 57% of the 
farmers did not aim for a pre-set target value. Within the subset of farmers that considered a 
target value, 50.3% indicated a target value for body weight after calving of more than 550 
kg. 
Farmers who considered pre-set target values for calving weight tended to realise 
heavier calving weights than farmers who did not (Figure 3.2); for the two subsets the 
percentages of farmers with postcalving weight classes above the 550 kg corresponded with 
37.0% and 28.7%, respectively. Testing the association between the two variables 
demonstrated that the realised calving weight class significantly depended on the 
consideration of pre-set target values (Pearson Chi Square = 17.6, P < 0.01). 
A small majority (55.8%) of the surveyed farmers measured the wither height of the 
heifers after calving. Of these farmers, 55.5% reported an average wither height within the 
range of 141 to 145 cm. Prior to calving, 72% of the farmers kept an eye on the body 
condition score of the heifer, however, only 1% actually monitored BCS. 
On an annual basis, 31.6 % of the dairy cows were replaced (SD=9.7) by heifers. 
However, 18.6% of these dairy replacements were replaced again during their first lactation. 
The main reasons for this early replacement were fertility problems for 32% and insufficient 
milk production for 29% of the cases (Figure 3.3). 
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Figure 3.3 Reasons for replacement of dairy heifers within their first lactation. 
3.3.3 Weaning period 
Of the heifer calves born, 77.7% is retained to be reared as replacements (SD=19.6). 
After the colostrial period, mastitic or antibiotic milk (37.1%), milk replacer (34.3%) and 
whole milk (28.6%) were the types of liquids most often fed. Free water intake is essential for 
functioning of the rumen and should therefore be given at an early age, viz. within the first 
week of life (Quigley HJ et al., 1996b). In this survey, 17.8% of the farmers provided water in 
the first week of live, but another 26.7% waited until they had reached an age of 4 weeks or 
more. Intake of solid feed stimulates the development of the rumen. From the indicated ages 
at which calves were offered solid feed it can be concluded that most farmers offered 
concentrates and roughages early; within the first 2 weeks of live 59.8% of the farmers fed 
concentrates and 69.4% roughages. 
4 6 8 10 12 14 16 
Weeks of age 
Figure 3.4 Cumulative percentage of farms that wean calves by week of age. 
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The majority of the farmers weaned their calves much later than the recommended 
weaning age of 8-9 weeks (Boxem et al., 1991) (Figure 3.4), as indicated by the overall 
average age at weaning of 10.4 weeks (Table 3.4). Most farmers (89%) responded that age 
determined their decision to wean calves (Table 3.4). Only a small proportion of the farmers 
considered factors as the amount of concentrates intake (33%) and BW (17%) in then-
decision to wean the calves. 
Table 3.4 Management practices with respect to weaning. 
Decisive weaning factor 
(% of total respondents0) n a 
Values 
X SD 
Age at weaning, mo 89.3 759 10.4 3.3 
Concentrates intake at weaning, kg/day 33.4 121 1.9 0.5 
BW at weaning, kg 16.8 88 83.8 24.5 
Other 3.5 - - -
The number of farmers that indicated to consider a specific factor in the decision to wean 
(indicated by % of total respondents) was generally higher than the number of farmers that 
could really provide information on the value of that factor (= n). 
3.3.4 Breeding moment 
Farmers started to breed their heifers at the average age of 15.3 months (Table 3.5, 
Figure 3.5). In this survey, breeding time was largely determined by age (95%). Factors 
indicating the physiological development of the animal were considered to be of lesser 
concern; 27% and 17% of the farmers responded that, respectively, wither height and BW 
influenced their decision to breed (Table 3.5). However, the number of farmers that could 
provide information on the actual wither height and BW at 1 s t breeding was considerably low 
(Table 3.5). Season (22%) had a striking large influence on the moment of 1 s t insemination. 
Preference existed for heifers calving during the autumn months due to less labour intensive 
inseminations during the grazing season and the higher milk prices in autumn and winter. 
Figure 3.5 Management practices at 1 s t breeding. 
Decisive 1 s t breeding factor 
(% of total respondents8) na 
Values 
x SD 
Age at 1 s t breeding, mo 
Wither height at Is" breeding, cm 
BW at 1 s t breeding, kg 
Season 
Other 
94.6 
26.6 
17.4 
22.0 
2.2 
774 
30 
47 
15.3 
128 
351 
1.4 
8.9 
57.4 
The number of farmers that indicated to consider a specific factor in the decision to 
breed (indicated by % of total respondents) was generally higher than the number of 
farmers that could really provide information on the value of that factor (= n). 
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Figure 3.5 Cumulative percentage of farms that breed heifers by month of age. 
Despite potential problems, 17.6% of the farms had one or more bulls to lessen the 
inconvenience involved with heifer breeding. For those using artificial insemination, 56.0% 
attained a pregnancy rate of 70% or more after 1 s t insemination. Only 2.7% of the farmers had 
a pregnancy rate of less than 50%. 
3.3.5 General management practices 
In this survey, only 14.7% of the farmers indicated to follow some predefined growth 
strategy. Furthermore, only 9.5% of the fanners monitored the growth of their young stock by 
BW measurements. The majority of these measurements were done by means of chest 
circumference measurements (96.8%). 
Average mortality rate during rearing coincided with 8.1% which is conform the 
advised norm of <10% (Quigley HI et al., 1996a). However, this mortality rate varied 
enormously among farms (range [0%, 88%]). 
To get some insight into the extent to which farmers estimate their own rearing costs, 
the farmers were asked to indicate the costs of raising a full grown dairy heifer (labour costs 
excluded). More than 36% of the responding farmers estimated the costs to be less than Dfl 
1500 per full grown heifer, whereas only 16% estimated the rearing costs at the more realistic 
level of Dfl 2000 to Dfl 2500 (Boxem et al., 1991; Dienst Landbouw Voorlichting, 1998, 
personal communication) (Figure 3.6). 
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Figure 3.6 Distribution of farms (n=906) based on the estimated rearing costs per full-grown heifer. 
3.4 Discussion 
In dairy farming, many young heifers are needed for the replacement of the milking 
cows. Adequate rearing management practices must be exercised to exploit the genetic 
potential of the heifer calf. The ultimate goal of replacement rearing is to reach first calving 
age at a predetermined target time with less as possible health problems and with an optimal 
growth rate at minimal costs (Quigley HJ et al., 1996b). For each farm this general objective 
must be translated in pre-set targets which may differ from farm to farm. Pre-set targets are 
the ultimate quantitative goals to achieve within a certain period of time. The smallest set of 
target values with which the replacement rearing performance can be evaluated quickly is 
shown in Table 3.6. The target values presented in this table are based on internationally 
advised performance indices of large dairy breed (Heinrichs and Hargrove, 1987; Quigley in 
et al., 1996b; Van Amburgh and Galton, 1994). 
Table 3.6 Advised and average observed performance indices. 
Advised target value Average observed value 
large dairy breed within survey 
Age at calving, mo S24 >25 
BW postcalving, kg 570 525-550 
Wither height postcalving, cm 142 141-145 
BCS at calving 3-3.5 3-3.5 
Mortality total rearing period, % < 10 8.1 
Of the surveyed farms, only 28.6% reported to achieve the general recommended 
target age at first calving of < 24 months (Figure 3.1). The overall average age at which the 
majority of the dairy heifers on the farms calved equalled 25.6 months, which is considerable 
later than the recommended target age (Table 3.6). These results emphasise that there is 
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considerable room for improvement within the Dutch heifer management practices. Increased 
age at calving rises production costs in two serious ways. Firstly, by an increase in rearing 
time. Secondly, by an increase in the required number of heifers to maintain a constant herd 
size. For instance, to maintain a dairy herd of 100 rnilking cows at a replacement rate of 30%, 
the number of required heifers aged new-born to calving (mortality rate 10%), rises with 6 
when the calving age increases from 24 to 26 months (Quigley HI et al., 1996b). 
The surveyed farmers indicated that the average BW after calving was within the 
range of 525-550 kg, which is below the advised target value for large dairy breeds (Table 
3.6). However, most farmers had to estimate the value through lack of actual data on calving 
weight. Average wither height class corresponded with 141 to 145 cm, which is conform the 
recommended height (Table 3.6). The majority of the farmers estimated the BCS of their 
heifers at calving equal to the recommended target value of 3-3.5. 
Growth of young stock is related to both chronological and physiological age. 
Chronological age is defined in months, while physiological age is reflected by variables as 
BW, wither height and BCS. In replacement rearing, the rearing strategy should be 
determined and evaluated related to physiological age rather than chronological age 
(Heinrichs, 1993; Hoffman and Funk, 1992; Mourits et al., 1997). However, results from the 
survey demonstrated that the majority of the farmers related their rearing performances 
primarily to chronological target values (Tables 3.3, 3.4, and 3.5). 
By means of intermediate evaluation of weight and stature goals and measurements, 
problems during the rearing period can be identified and appropriate corrections can be made 
in time. Results from the survey indicated that the use of such intermediate values was limited 
(Table 3.5). In general, the majority of farmers change their rearing policy when age at 
calving is determined to be too old or when the heifers at calving are determined to be too 
heavy or too small. However, the most decisive event during heifer rearing is not the 
parturition but the breeding. In practice simple schemes of heart girth (BW measurement) and 
BCS measurements at breeding and at calving (or at a single time for all replacements on-
hand) are very useful in fine tuning the rearing strategy. 
The small quantity of actual data on performance indices as BW, wither height and 
BCS along with the fact that most farmers only consider a target value for calving age 
demonstrate that, in general, the data monitoring aspect is not implemented in the heifer 
rearing management. Monitoring is a critical function of effective management and data 
records are a necessity if this function is to be carried out. Unfortunately, recording and 
managing data is a tedious and time-consuming task that often seems to have no immediate 
value. When it comes to rearing heifers, this belief is enhanced because pre-calving heifers do 
not provide any income. The fact that raising dairy replacements represents the second largest 
expenditure on a farm (Stelwagen and Grieve, 1992) is often not realised. This lack of insight 
was also observed in this survey. In the Netherlands, practical advisors estimate the heifer 
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rearing costs (without the costs of labour) at Dfl 2200-2600 per full-grown heifer (Boxem et 
al., 1991; Dienst Landbouw Voorlichting, 1998, personal communication). As depicted by 
Figure 3.6, more than 36% of the responding farmers estimated the rearing costs of a full 
grown heifer (labour excluded) under Dfl 1500, indicating an underestimation of more than 
30%. 
2.5 Conclusion 
Based on the results of this survey on 959 dairy farms it can be concluded that the 
rearing activity in the Netherlands is an area where management practices need improvement. 
Many of the reported performance indices on age and BW were outside the range of the 
general recommended target values. Moreover, the results demonstrated that the surveyed 
dairy farmers were not used to apply essential tools as record keeping and data monitoring 
within their heifer management. To achieve an improvement in rearing management, it is 
important that advisors make farmers aware of the significance of a good rearing strategy. 
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Appendix 
Table A3.1 Design of questionnaire on heifer rearing practices. 
Subject Number of 
questions categories" 
Characterisation of surveyed aspects 
General farm description 11 
Characteristics calving heifers 10 
Feed management: 
Colostrial period 1 
Milking period 5 
Post-weaning period 6 
Growth rate strategy 8 
Housing 3 
Calving practices 2 
11 
14 
1 
9 
11 
10 
location; breed; number of milking cows, heifers and calves; 305-day production; labour capacity 
age, BW, wither height and BCS at calving; market value; rearing costs; production value; 
replacement rate; reasons for replacement 
frequency and amount of colostrum fed 
type and amount of liquid feed and solid feed; weaning age; factors determining weaning moment 
ration formulation; use of pasture; moment and period of grazing 
target values of age, BW, BCS at breeding and calving; factors determining breeding moment; 
age, BW and wither height at breeding; pregnancy rate 
type of housing 
number of calvings; number of difficult calvings 
Health: 
General 
Heifer calves (< lyr) 
Heifers (>= lyr) 
General remarks 
occurrence of diseases; mortality rates 
prevention measurements; number of treatments per disease 
prevention measurements; number of treatments per disease; reasons for culling 
opinion on relevance of practical advises; opinion on survey 
' Some questions included a number of subquestions, indicated by the total number of surveyed categories. 
Chapter 4 
Economic Optimization of Dairy Heifer Management Decisions1 
Abstract 
A farmer exercises control over the heifer rearing unit in two main areas: a nutritional 
plane of growth and the moment of msemination. The two management controls interact with 
biological aspects of growth thereby influencing future profitability of the dairy heifer. A 
dynamic programming model was developed to optimize these decisions for individual 
heifers, using the hierarchic Markov process (HMP) technique. HMP provides a method to 
model a wide variety of heifer calves, differing in age, season, body weight, reproductive 
status and prepubertal growth level. Under Dutch conditions the optimal rearing strategy 
resulted in an average calving age of 22.6 months at a calving weight of 564 kg. Faced with 
the scarcity of exact information on the interrelationships of rearing strategies with the 
productivity of the dairy replacement, the strength of this heifer model lies in the field of the 
sensitivity analyses by providing valuable information regarding the critical components of 
heifer rearing. 
4.1 Introduction 
Raising replacement heifers incurs one of the highest costs of the dairy operation and 
represents 15 to 20% of the total milk production costs (Heinrichs, 1993; Stelwagen and 
Grieve, 1992). As a component of the management system, the rearing of replacement heifers 
is often overlooked. 
The objective of rearing dairy heifers is to produce high-quality dairy replacements at 
low costs. A basic approach in reducing rearing costs is to shorten the non-productive rearing 
period by lowering the parturition age. In the Netherlands, the rearing period of dairy heifers 
lasts 26 months on average. Manipulation of the feeding regimen could reduce the age at 
which the heifers are able to conceive to even less than 9 months, making a rearing period of 
18 months possible (Hoffman and Funk, 1992). However, because of various biological 
interrelationships with growth rate, the ultimate economic outcome of such a reduction in 
rearing time will depend on the balance between several positive and negative impacts. 
Paper by Mourits, M.C.M., Huirne, R.B.M., Dijkhuizen, A.A., Kristensen, A.R., 
Galligan, D.T., Agricultural Systems 61 (1999): 17-31. 
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Possible advantages such as decreased feed costs, greater cumulative production per month of 
age, a shorter generation interval and lower overhead costs must be weighed against possible 
disadvantages such as lower conception rates, increased dystocia, reduced milk production 
per lactation and reduced longevity (Heinrichs, 1993; Hoffman and Funk, 1992). 
Rearing decisions interact with underlying biological aspects of growth, thereby 
influencing future profitability. A thorough understanding of the fundamental elements of 
heifer rearing is lacking. To maximize profitability, farm managers need insight into the 
potential impact of their management decisions on technical performance and economic 
results. An estimation of these impacts by means of an economic model could therefore be 
helpful in supporting farmers in their management decisions. During the past decade, several 
management decision support models have been developed to optimize dairy cow 
replacement policies. In all of these models the emphasis is on the mature cow, thereby 
simplifying the rearing aspects (Mourits et al., 1997). 
The objective of this chapter is to describe a stochastic dynamic programming (DP) 
model developed to optimize the rearing strategy for individual heifers, using the hierarchic 
Markov process (HMP) technique. In the model, heifer rearing is modelled as a separate 
farming activity; the model starts with newborn calves and ends with full-grown heifers to be 
sold at market prices. The optimization of the rearing strategy takes into account management 
decisions with respect to growth rate, insemination and replacement. 
4.2 Materials and methods 
4.2.1 Markov decisions and Dynamic Programming 
In this study the heifer rearing problem is structured as a Markov decision process. In 
Markov decision problems, the system modelled is observed over a finite or infinite time 
horizon split up into periods or stages. At each stage, the state of the system is observed and a 
decision affecting the system has to be made. Depending on the state and the decision made, 
an immediate reward is obtained. Conform to the Markovian property (Howard, 1960), the 
immediate reward and state transition probabilities are independent of the history of the 
system. 
Dynamic programming is a mathematical technique which is especially of value in 
situations where a sequence of decisions has to be made, as is the case with heifer rearing. To 
solve general Markov decision problems by DP, several optimization techniques are 
available. The most commonly applied method is called value iteration (Bellman, 1957). 
Value iteration makes it possible to handle large models and is exact when optimization 
occurs under a finite planning horizon. Under an infinite planning horizon, value iteration can 
be used to approximate the optimal policy. Another relevant optimization technique is policy 
iteration (Howard, 1960). Policy iteration can be used for optimization under an infinite 
4 0 
planning horizon and is in that case exact. Because of the more complicated mathematical 
formulation involving a solution of large systems of simultaneous linear equations, the 
method can only handle rather small models of a few hundred states (Kristensen, 1988). 
In order to combine the computational advantages of the value iteration method with 
the exactness and efficiency of the policy iteration method, Kristensen (1988) developed an 
efficient DP dgorithm, i.e. the hierarchic Markov process (HMP). The HMP technique makes 
it possible to give exact solutions for models with even large state spaces and, therefore, 
contributes to the circumventing of the so-called 'curse of dimensionality' (Kennedy, 1986). 
This curse is a major problem in relation to application of Markov decision processes to real 
world problems. Since the state space is represented by discrete levels of state variables, 
models tend to become very large, resulting in high memory requirements and high 
computation costs. Houben et al. (1994) presented a dairy cow replacement model which 
contained 6.8 million states. Despite the size of the model, optimization was still possible, 
due to the use of the HMP technique. 
4.2.2 Optimization within HMP 
Within HMP, a series of Markov decision processes, called subprocesses, is built 
together in one Markov decision process, called the main process. The number of states in the 
main process determines the number of subprocesses. State variables of the main process 
concern permanent traits that vary among animals but are constant over time for the same 
animal (e.g. genetic background). Traits that vary over time for the same animal are defined 
as state variables in the subprocesses. Each state in the main process represents a separate 
subprocess with a finite number of stages (i.e. maximum lifespan of an animal). The stage 
duration in the main process equals the total length of the corresponding subprocess. The 
reward in a state of the main process is determined from the total rewards of the 
corresponding subprocess (Kristensen, 1988; Houben et al., 1994). 
HMP determines the optimal policy by maximizing (or minimizing) some predefined 
objective function. The objective function depends on the situation modelled; it may 
represent the total expected rewards, the total expected discounted rewards, the average 
reward per stage or the average reward over some kind of physical output (Kristensen, 1991). 
The heifer rearing process is characterised by high initial costs and a final revenue at the end 
of the rearing period. Time preference for money may have an impact on the final optimal 
decision strategy. The objective function in this study is therefore the maximization of the 
total present value of expected net returns per heifer place. 
Within the rearing model, the iterative optimization procedure of the HMP 
(Kristensen, 1988) contains the following three steps; (to avoid ambiguity, the states and 
decisions of the main process will be denoted by Greek letters) 
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- Step 1 
Choose an arbitrary policy a. Go to step 2. (The map of policies of subprocesses is 
denoted a, while a policy for a subprocess is denoted s.) 
- Step 2 
Solve the following set of linear simultaneous equations 
Fa(cr) = f a ( a ) + XE(B|a^)(o-)P^(o-)F^(o-), a,j9=l,..,u 
0=1 
where 
Fa(rj) = total present value of expected future rewards in state a under 
policy o, 
fa(o") = me immediate reward in state a of the main process, 
(= present value of entire subprocess) 
J p ^ d . s ) , s=<r(a) 
i=l 
Pi(0) = probability of starting at state i in subprocess a, 
fi(t,s) = total present value of expected rewards from the remaining part of 
the process under policy s, when present state and stage are i and t 
respectively, 
\(t,s), t = T 
'r i(t,s) + b.(t,s)|lp i j(t,s)f j(t + l,s), t=T-l , . . , l 
ri(t,s) = immediate expected reward in state i at stage t under policy s, 
bj(t,s) = discount factor in state i at stage t under policy s, 
Pij(t,s) = transition probability from state i in stage t to state j in the following 
stage under policy s, 
It = number of states at stage t, 
E(B|a,P)(o") = the conditional expected discount factor under policy a given state a 
in present stage and state p in the following stage of the main 
process, 
Pap(o) = transition probability from state a to state P in the main process, 
E(B|a,p)(0)P(ip(a) = combined value of conditional expected discount factor and 
transition probability given state a in present stage and state P in the 
following stage of the main process, 
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£p,(0)q ,(l,s), s = «T(a) 
i=l 
qi(t,s) = expected discount factor from the remaining part of the process 
under policy s, present state i and stage t. During the last stage (T) 
of subprocess a, the transition from state a to state p in the 
following stage of the main process is determined by state i, 
0, t = T, i*j3 
.b,(t,s), t=T , i = /J 
b i (t,s) 2 p y ( t , s ) q j (t + 1,8), t =T -
u = number of subprocesses. 
- Step 3 
For each subprocess a, find by means of the recurrence equations a policy s' of the 
subprocess: 
r m a^{r i(t ,d) + b i(T,d)TF.} t = T 
r. (t,d) + b, ( t , d ) £ P i j (t, d) (t +1) I, t = T -
d 1 
max I 
where 
Vai(t) = maximum total present value at subprocess a, state i, and stage t, 
TFj = terminal value depending on final state i of subprocess a at stage T. 
The decision d'(t,i) maximizes the right-hand side of the recurrence equation of state i at 
stage t. Those decisions determine the new policy s'. Set c'(ci) = s' for a = l,..,u. If the new 
policy equals the old policy, terminate the optimization process, because then an optimal 
policy has been found. Otherwise, redefine the old policy according to the new policy and go 
back to step 2. 
4.2.3 Stages, state variables and decisions 
The parameters of the heifer model have been chosen to represent the Dutch Black 
and White dairy cattle population. Input variables are based on the results of a literature 
review (Mourits et al., 1997). 
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- Main process 
In the heifer model the only state variable included in the main process (a) is month 
of birth. Seasonal effects on prices of feed, milk, meat and calves and on the expected milk 
production can substantially influence economic results. Heifers born in different months but 
reared at the same growth rate differ in their net revenues. Similar to the calendar months, 12 
monthly birth-classes are distinguished, resulting in 12 subprocesses (u). Together with 
information on stage number, this state variable determines the month during a certain stage 
in a subprocess. The month in which a heifer is replaced (=action in subprocess) determines 
the month of birth of the replacing heifer calf (=next state in main process). Because of this 
sequencing, the transition probabilities of the main process (Paß) are dependent on the policy 
of the subprocess (a). The stage length in the main process is equal to the maximum duration 
of the rearing period, which is set at 30 months. Decisions are only defined in the 
subprocesses, because a decision in the main process is equal to an entire policy (s) in the 
corresponding subprocess. 
- Subprocesses 
Each subprocess consists of the same set of stages, state variables and decisions but 
starts at a different month of birth. After birth a fixed weaning period is modelled, resulting in 
weaned calves at an age of 2 months and a body weight of 75 kg. Optimization of the rearing 
decisions starts, therefore, at the age of 2 months. The maximum age of a heifer (maximum 
rearing period) equals 30 months. Decisions are made on a monthly basis, resulting in a total 
of 29 stages. Because of the HMP structure, the successive stages of the subprocesses 
correspond to the age of the heifer and age as such no longer needs to be included into the 
state space. At each stage (t), the state (i) of a heifer is described by the following state 
variables (number of classes in brackets): body weight (173), reproductive state (32) and 
maximum prepubertal growth rate (3). 
Body weight (BW) is the main state variable. It determines the onset of puberty, and 
influences feed costs, slaughter value, expected milk production and market price. The BW 
variable represents the actual live weight of the heifer, corrected for the weight of foetal 
tissue. Maximum BW is set at 612 kg. The number of BW classes depends on the interval 
between the gain strategies modelled. In the first stage BW equals 75 kg. After the first stage, 
BW can only be one of the weights out of a range of 90.25 kg to 611.8 kg with 3.05 kg-
intervals. The number of possible BW varies per stage from only one state in the first stage 
up to 49 BW states in the seventeenth stage. 
The reproductive state is divided into 32 classes; one class describing the prepubertal 
state, 22 classes the cyclic states, and 9 classes describing the pregnancy states. The cyclic 
state depends on the oestrus number and the moment of first insemination (see Appendix for 
more details). 
44 
A prepubertal growth rate beyond the recommended growth rate of 0.7 kg per day is 
assumed to have a negative influence on future milk production ability. Because of this 
influence the maximum prepubertal growth rate is included as a 'memory' state variable. The 
variable is thereby divided into 3 rate classes for maximum prepubertal growth rate < 0.7 
kg/day, > 0.7 and < 0.9 kg/day, or >0.9 kg/day. 
A combination of values of BW, reproductive state and prepubertal growth rate with 
age and season defines a state in the model. Besides these defined states, 12 additional states 
are included to describe the replacement state. The replacement state is divided into 12 
monthly classes to define the month of replacement. 
The model selects one of the following decisions (d(t,i)) as optimal; 
1. KEEP-decisions; Keep the heifer at least one more month in pursuance of one of the 
following weight gain strategies: 500, 700, 900 or 1100 grams per day. These four 
decisions can be made for all animals with a reproductive state of less than 7 months of 
pregnancy. During the last 2 months of pregnancy it is assumed that the only possible 
growth rate equals 300 grams per day. 
2. LNSEMTNATE-decisions; Keep the heifer at least one more month in pursuance of a 
growth rate of 500, 700, 900 or 1100 grams per day and inseminate her when seen in 
oestrus. Insemination can occur during the cyclic reproduction states, until 22 months of 
age. 
3. REPLACE-decision; Replace (sell) the heifer at current season, age, weight, pregnancy 
state and prepubertal growth rate. In the model the decision to replace results in an 
immediate replacement at the beginning of the month. Heifers, which are 9 months 
pregnant, are automatically sold. 
Besides the defined 29 stages, one additional stage is added to the subprocesses 
(T=30), containing only the 12 replacement states. Based on the state distribution in this last 
stage, the transition probabilities in the main process are calculated. By means of these 
probabilities, the main process links the subprocess to subsequent subprocesses, depending 
on the month of replacement of the heifer. In Table 4.1 the characteristics of the model are 
summarised. 
4.2.4 Transition probabilities 
Uncertainty in the processes of reproduction and involuntary disposal is represented 
by three groups of transition probabilities. 
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- Onset of puberty 
Research has demonstrated that the onset of puberty is determined by BW. In general 
heifers start to cycle at approximately 43% of their mature BW. For the Dutch Black and 
White dairy population this coincides with an average BW of 275 kg. In the model the 
probability of puberty is normally distributed over the BW classes with an average BW at 
puberty of 276.3 kg and a variation coefficient of 10%. This means that puberty occurs within 
the BW range of 220 kg to 332 kg. 
- Conception 
The marginal probability of conception is calculated from the probability of first 
and/or later inseminations occurring and the probability that conception takes place after 
insemination. Because the stage interval is one month, the conception probabilities are 
calculated for monthly periods. For a more detailed description, see the Appendix. Heifers 
which fail to conceive after 6 cyclic months are replaced. 
- Disposal 
Disposal not subject to decision making in the model is referred to as involuntary 
(Van Arendonk, 1985). The probabilities of involuntary disposal during each month of age 
are 0.6,0.4, and 0.2 % for months 2 to 4 respectively and 0.15% for subsequent months. 
The transition probabilities py(t,d) are calculated as a multiplication of the 
probabilities of puberty, conception and involuntary disposal. A heifer enters one of the 
replacement states when it is voluntarily or involuntarily replaced within a particular season. 
The heifer remains in this replacement state until the last stage. 
Table 4.1 Characteristics of the heifer rearing model 
State variable of main process (a) 
Month of birth 12 classes 
State variable of subprocess (i) 
Body Weight 173 classes 
Reproductive state 32 classes 
Prepubertal growth rate 3 classes 
Replacement state 12 classes 
Number of stages (T) 30 
Decisions (d(t,i)) 
Keep 5 growth rates 
Inseminate 4 growth rates 
Replace -
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4.2.5 Economic Components 
In the current model heifer rearing is modelled as a separate farming activity. The 
model starts with new-born calves which are bought from the clairy cow enterprise. Grass and 
silage consumed by the dairy heifers are assumed to be produced on the farm itself. The costs 
of housing and regular labour supplied by the farmer are considered to be fixed costs and are 
therefore not included. Net revenues per heifer originate therefore from the heifer rearing 
enterprise and grassland exploitation and form the compensation for the housing, labour and 
management supplied. 
- Costs 
In the model heifer calves are bought one week after birth. The calf costs are based on 
an average live weight of 38 kg and a base price per kg of Dfl 6.60 (Dfl 1« US$ 0.50) per kg 
of live weight. The seasonal variation in this base price is presented in Table 4.2. Due to this 
seasonal variation, heifer calf costs vary from Dfl 329 for calves born in July to Dfl 188 for 
calves born in March. 
Table 4.2 Per calendar month effects on base prices of calves, heifers and carcass weight 
(Dfl 1 » US$ 0.50)". 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Prices (Dfl) 
calves (kg"') -1.18 -1.49 -1.66 -0.18 +1.77 +1.95 +2.06 +0.79 -0.07 -0.47 -0.73 -0.97 
dairy heifers -35 -55 -65 -45 +10 +15 +25 +45 +50 +55 +20 -20 
carcass (kg 1) -0.34 -0.20 -0.04 +0.06 +0.27 +0.29 +0.24 +0.14 +0.08 -0.03 -0.19 -0.27 
"Based on (Jalvingh et al., 1993). 
The calculation of the monthly feed intake and costs is based on the linear 
programming (LP) model presented by Mourits et al. (1997). The objective function of this 
model is to minimize the cost of a feed ration providing adequate levels of both energy and 
protein, within the limits of the dry matter intake. For each combination of state variables and 
gain strategy, a least cost ration is determined. The feedstuffs used in this model are typically 
those fed in practice, with grass and concentrates in summer (May through October) and 
silage and concentrates in winter (November through April). 
The costs of the weaning period are set at Dfl 150 per heifer, while insemination costs 
equal Dfl 30. During the first stage veterinary costs are Dfl 10. This amount reduces to Dfl 8 
in the second stage, to Dfl 5 in the following 9 stages, and to Dfl 3 afterwards. 
The discount factors in the model account for the time preference of costs and 
revenues using a real annual interest rate of 5% (i.e. market rate minus inflation). 
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- Revenues 
In the Netherlands most farmers use homegrown heifers as replacements. A clear 
market system for replacement heifers is therefore lacking. The value of a replacement heifer 
depends on the month of calving and the expected milk production ability. The expected milk 
production ability is influenced by the prepubertal growth rate and the BW at calving 
(Foldager and Sejrsen, 1987; Hoffman and Funk, 1992). By defining a system based on 
premiums, the market value of a replacement heifer is estimated relative to a predefined 
standard heifer. For the definition of the standard heifer, the characteristics of an average 
Dutch heifer are used (Table 4.3). 
Table 4.3 Characteristics of standard heifer. 
BW at calving (kg) 525 
Max. prepubertal growth rate (g/day) 700 
Market price (DflY heifer) 2100 
Milk production 
milk (kg) 6800 
fat content (%) 4.41 
protein content (%) 3^ 48 
The market price of an average replacement heifer equals Dfl 2100. The premium for 
calving month is based on the differences in the seasonal market prices (Table 4.2). The 
highest market price of an average heifer is achieved in October (Dfl 2155), while the lowest 
price is achieved in March (Dfl 2035), implying a difference of Dfl 120. 
The average BW at calving is approximately 525 kg. Assuming the average market 
price to be related to this average BW, the premium on the BW at calving has to be related to 
this BW class. As demonstrated in several field surveys (Heinrichs and Hargrove, 1987; 
Hoffman and Funk, 1992; Keown and Everett, 1986) and experiments (Van Amburgh and 
Galton, 1994), the effect of a higher BW at first calving is an increase in milk production. 
The effect of calving weight on milk yield is mainly due to environmental causes such as feed 
and management. Genetic correlations of BW at calving with milk yield traits are generally 
low (Lee, 1997). Persuad, Simm and Hill (1991) found a genetic correlation between first 
calving weight and a 182-day milk yield of 0.06 (phenotypic = 0.12). Lee et al. (1992) 
estimated the correlation between calving weight and a 168-day milk production at 0.05 
(phenotypic = 0.19). Genetics determines the potential for an embryo to grow into a highly 
profitable adult cow, whereas feeding and management determine the extent to which that 
potential will be realised. Heavier cows have no greater genetic propensity to yield milk than 
lighter cows. However, better-grown heifers eat more forage and can tolerate more 
concentrate consumption without digestive or metabolic disorders. A good body condition at 
calving is therefore essential for a high milk yield (Lee, 1997). Based on the results of 
Persuad, Simm and Hill (1991) the environmental correlation equalled 0.26 within a 
production period of 182 days, resulting in an environmental regression coefficient of 7.1 kg 
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of milk yield per kg calving weight. The 168-day inilk yield data of Lee et al. (1992) resulted 
in an environmental correlation of 0.27 and a regression coefficient of 3.8 kg of milk yield 
per kg of calving weight. Expressed as a percentage of the corresponding average milk 
production, the regression coefficients coincided with 0.17% and 0.13% respectively. 
Because of higher energy requirements at the beginning of the lactation, the influence of a 
heavier weight at first calving is supposed to be stronger during the first part of the lactation. 
The environmental regression coefficient between calving weight and a 305-day milk yield is 
therefore expected to be lower than 0.15%. 
In this study the relation between calving weight and milk production is assumed to be 
linear for BWs < 570 kg. Heifers with a BW of 1 kg above (or below) the standard weight of 
525 kg are expected to produce 0.1% more (or less) than the predefined standard production 
of 6800 kg milk. The influence of BW at calving on the expected milk production (EMP) in 
the first lactation can be described as follows: 
EMP = SMP x ( 1 + 0.001 x (B W - 525)), for B W < 570 kg 
EMP = SMPx (1 + O.OOlx(570 - 525)), for BW > 570 kg 
where SMP equals the standard milk production of 6800 kg. 
Several studies have demonstrated a curvilinear relationship between prepubertal 
growth rate and subsequent milk production. Based on the data presented by Foldager and 
Sejrsen (1987), S0rensen (1989) expressed the reduction in the production of Danish heifers 
as follows: 
M p ^ l , for x< 0.6 kg/day 
M p r e P =0.67 + 1.30xxl.25x2, for x> 0.6 kg/day 
where M p r e p is the relative milk production ability, due to the energy level in the critical 
period and x is the average daily gain during the critical period. The feeding level that causes 
a reduction in milk yield potential varies between breeds (Sejrsen and Purup, 1997). For the 
larger Holstein heifers in the model it is assumed that the milk production ability is depressed 
if the prepubertal daily gain exceeds 700 grams. The relative impact of growth rate beyond 
this critical rate is estimated by the same equation after inclusion of an adjustment factor of 
6/7: 
M p r e p = l , for X< 0.7 kg/day 
M p r e p =0.67 + 1.30(Xx6/7)xl.25(Xx6/7)2, for X > 0.7 kg/day 
where X represents the maximum prepubertal growth rate. 
The total economic impact of the expected milk production ability is determined by 
Premiummiuc = (M^p * EMP - SMP) * p, where p represents the milk price corrected for feed 
cost (net return per kg of milk) and corresponds to Dfl 0.62 per kg of milk. 
Besides the influence on milk production, BW at calving also influences the 
occurrence of dystocia (= complications around parturition). However, a quantification of this 
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relationship is difficult because of the many possible effects dystocia has on the health of 
dam and calf (Erb et al., 1985). In the model the premium for the influence of BW on 
dystocia is based on the expected effect on calf mortality and veterinary cost, and is equal to 
Dfl (-0.40 * calf price - 300) for heifers with a BW lower than 425 kg, Dfl (-0.23 * calf price) 
for heifers with a BW between 425 kg and 475 kg and Dfl 0 for heifers with a BW higher 
than 475 kg. 
Based on the valuation system as defined above the market value of a replacement 
heifer equals: 
Market Price = 2100 + Premium(Season) + Prermiim^ik) + Premium(dystocia) • 
To simplify the system, the market value of heifers less than 9 months pregnant is set 
equal to the slaughter value. Slaughter value is calculated from BW, dressing percentage and 
price per kilogram of carcass weight. The dressing percentage is set at 50%, while the base 
price per kilogram of carcass weight equals Dfl 5.30. Monthly deviations expressed as 
deviations from these prices are presented in Table 4.2. 
4.2.6 Immediate expected reward 
With the above costs and revenues, the immediate expected rewards A(t,d) for state i 
at stage t are calculated as follows: 
where 
Tifokeeprafc) = immediate expected reward for state i at stage t and decision keeprate is to 
keep the heifer at least one more month in pursuance of one of the defined 
growth rates (300,500,700,900,1100 g/d), 
- Keep 
r i ( t - k e e P r a t e ) = ' 
keep3 = keep in pursuance of 300 g of BW gain per day, 
keep5.i i = keep in pursuance of 500,700, 900, or 1100 g of BW gain per day, 
CQ = costs of replacement calf at state i, 
WC = costs of weaning period, 
FC(t(keeprate) = feed costs of determined growth rate at stage t, 
VC(t) = veterinary costs at stage t, 
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Repi = reproductive state of state i (see Appendix), 
G7 = seventh month in gestation, 
X. = replacement state defined by month of replacement, and 
T = last month in rearing period. 
- Inseminate 
Tj^ insm^n) 
f-FC(t, 
H » . 
insm 5 n )-VC(t)-IC, t<22, Rep. = open 
i = A1,..,Aj2 
where 
ri(t,insm5.n) 
IC 
= immediate expected reward for state i at stage t and decision insms-n is 
to inseminate the heifer and to keep her for at least one more month in 
pursuance of a growth rate of 500,700,900, or 1100 g/d, 
= insemination costs. 
• Replace 
r(t,repl) = 
SE.(t), 
Market price; (t), 
0, 
Rep. <G9 
Rep. =G9 
i = Aj,..,A12 
where 
rj(t,repl) 
G9 
SEi(t) 
= immediate expected reward for state i at stage t and decision repl is 
to replace (sell) the heifer at the beginning of the month, 
= 9 months of gestation, and 
= carcass value for state i at beginning of stage t. 
4.2.7 Retention pay-off (RPO) and Insemination Value (IV) 
For each decision at each state and stage, the HMP algorithm generates the expected 
present value of net returns (Vai(t)), assuming optimal decisions in the future. After the 
determination of the optimal rearing policy these values can be used to evaluate the impact of 
a decision at a certain stage by two key figures: retention pay-off (RPO) and insemination 
value (IV) (Van Arendonk, 1988). 
RPO„ (t) = maxCVV (t, keep ^ ) , V^ (t.insm ^ ) ) - V^ (t, repl) 
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The RPO of a heifer is the total extra profit to be expected from keeping or 
inseminating a heifer in pursuance of one of the defined growth strategies until her optimal 
calving (or selling) age, compared with immediate replacement, taking into account the risk 
of involuntary disposal. The IV is the extra profit to be expected from inseminating a heifer 
in pursuance of one of the growth strategies, compared with leaving her open for at least 1 
more month in pursuance of the same growth rate, taking into account the risk of no 
conception and involuntary disposal. 
4.3 Model behaviour 
Model behaviour is studied by evaluating a basic (default) situation, based on the 
default input variables described. Economic and technical results are presented at farm level. 
Rearing rate decisions are illustrated and discussed by means of RPO and IV values. 
4.3.1 Basic situation: Economic and technical results 
The HMP model yields optimum decisions for all possible states of a heifer. Table 4.4 
shows the average farm results after applying these decisions in the basic situation, reflecting 
the economic and technical results of heifers born in an 'average' season of birth. The 
optimal rearing policy resulted in an average annuity of the present value of expected net 
returns per heifer per year of Dfl 337 (housing and fixed labour costs not included). The 
average discounted rearing cost equalled Dfl 753 per heifer per year. 59.8% (Dfl 450) of 
which was due to feed costs of heifers older than 2 months. 
Table 4.4 Optimum results based on an average season of birth within the basic situation. 
Discounted net returns (Dfl/yr per heifer) 337 
Discounted rearing cost (Dfl/yr per heifer) 753 
Discounted feed cost (Dfl/yr per heifer older than 2 mo) 450 
Age at puberty (mo) 12.1 
Calving age (mo) 22.6 
Calving weight (kg) 564 
% of heifers (age >2 mo) involuntarily culled 3.8 
% of heifers (age >2 mo) reared as dairy replacements 95.1 
% of heifers (age >2 mo) reared as beef heifers 1.1 
The optimal policy resulted in an average calving weight of 564 kg at an average 
calving age of 22.6 months. Only 3.8% of the heifers older than 2 months were involuntarily 
culled. Of the remaining 96.2%, most heifers were reared as dairy replacements (98.9%). 
Less than 2% were sold at the beef market, due to insufficient reproduction i.e., heifers still 
open after 6 cyclic months. 
Average age at puberty coincided with 12.1 months at a BW of 285 kg. Based on 
these results the optimal average prepubertal daily gain corresponded to 682 g/day. Table 4.5 
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shows the distribution of age at the onset of puberty. More than 70% of the puberty occurred 
within the age interval from 11 up to 14 months. 
Average age and BW at calving corresponded with 22.6 months and 564 kg 
respectively, resulting in an average postpubertal daily gain of 871 g/day. Table 4.5 displays 
the distribution of age at calving. Under the optimal strategy, 64.2% of the heifers calved 
between the age of 21 and 24 months. Only 12.2% had a calving age of older than or equal to 
25 months. Basic results demonstrated a narrow distribution of BW at calving; 78.9% of the 
heifers calved at a BW between 560 and 575 kg. Only 7.4% had a calving BW of less than 
535 kg. 
Table 4.5 Relative distribution of age at puberty and at calving. 
Age at puberty % Age at calving % 
< 10 months 1.2 < 21 months 7.7 
£ 10 and < 11 months 10.0 £ 21 and < 22 months 16.8 
> 11 and < 12 months 22.7 i 22 and < 23 months 25.0 
£ 12 and < 13 months 29.5 > 23 and < 24 months 22.4 
> 13 and < 14 months 23.0 £ 24 and < 25 months 15.9 
£ 14 months 13.6 £ 25 months 12.2 
The average distribution of calvings per calender month is shown in Figure 4.1. 
Because of the seasonal differences in revenues, preference existed for October as calving 
month (13.8%), while July was the least preferable calving month (2.8%). Differences in net 
returns of successive months resulted in a concentration of calvings within the fall period. 
0 T 1 1 1 1 1 1 1 1 1 1 1 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Calving month 
Figure 4.1 Relative distribution of calvings per calving month. 
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4.3.2 Rearing decisions 
Since the model consists of more than 600,000 states and 10 alternative decisions, it is 
impossible to show the optimal rearing policy as a whole. Instead the RPO or IV values of 
some specific states will be used to discuss the impact of different state variables and 
decisions. 
- Prepubertal period 
In Figure 4.2, the effects of BW, prepubertal state and average daily gain (ADG) on 
RPO are shown for heifers of 6 months of age. For this figure heifers were born in January or 
July and had a maximum prepubertal ADG of 700 g/day and a precyclic reproduction state. 
As mentioned before, the prepubertal state is determined by the maximum prepubertal ADG. 
The expected impact of maximum prepubertal growth rate on subsequent milk production 
had a considerable influence on the RPO-values. Growth rates beyond the 700 g/day resulted 
in less preferable prepubertal states and therefore in lower RPO-values. 
Figure 4.2 Effect of ADG, BW and month of birth (January or July) on retention pay-off (RPO) 
for heifers of 6 months of age (maximum prepubertal ADG = 700 g/day). 
Differences in the RPO-values of heifers born in January and the RPO-values of 
comparable heifers born in July illustrate the effects of seasonal differences in costs and 
revenues. The present value of expected net returns given the current state (i) of the heifer, 
the decision to replace her at stage t and optimum decisions in the future (Voj(t, repl)) 
considerably differed per month of birth. At an age of 6 months the present value of expected 
net returns at replacement was approximately Dfl 250 lower for January heifers than for July 
heifers. The impact of Voj(t, repl) on resulting RPO-values was therefore smaller for heifers 
born in January. 
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Due to the expected month of calving and seasonal feed costs the negative impact of 
an ADG of 900 g/day was greater for heifers born in My. For heifers raised prepubertally at 
1100 g/day it was mostly more profitable to rear them as beef heifers. The expected impact of 
a prepubertal growth rate of 1100 g/day on the RPO values of July heifers was therefore 
weakened. For heifers of 6 months of age and born in January the economically optimal state 
and decision turned out to be a BW of 154 kg under a growth rate of 700 g/day. For heifers 
born in July these values were 160 kg and 700 g/day. 
- Cyclic period 
For heifers in their first cyclic period at an age of 13 months, the effects of BW and 
ADG on IV-values are shown in Figure 4.3. Heifers in this figure were born in January or 
July and had a maximum prepubertal growth rate of 900 g/day. msemination should be 
delayed for heifers born in January, until the heifers have reached a BW of 285 kg. To 
prevent the heifers from getting too heavy, the ADG of 500 g/day was preferred to the ADG 
of 900 g/day for heifers with a BW of more than 334 kg. Represented by a first cyclic period 
and a prepubertal growth of 900 g/day, for July heifers it was more profitable to leave them 
open. Additional calculations showed that it was economically optimal to inseminate July 
heifers at an earlier age or at a lower state of the maximum prepubertal growth rate. For the 
defined states in Figure 4.3 it was no longer profitable to rear the heifers as dairy 
replacements; the optimum policy resulted in raising the heifers for the beef market. 
I  I I I I I I I I I 
I  I I I I 111 I I 
-60 
CM CM CM CM 
BW (kg) 
1500 g/day 1900 g/day 
-60 
• m 
CM CM CM CM 
BW(kg) 
en m 
1500 g/day 1900 g/day 
Figure 4.3 Effect of (ADG), BW and month of birth (January or July) on insemination value (IV) 
for heifers in their first cyclic period at an age of 13 months (maximum prepubertal 
ADG = 900 g/day). 
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- Gestation 
In Figure 4.4, the effects of BW and month in gestation on the RPO-value are shown 
for heifers born in January and July respectively. Those heifers were 20 months of age and 
had a maximum ADG during the prepubertal period of 700 g/day. The RPO-values were 
based on the keep decision in pursuance of an ADG of 900 g/day. 
The RPO-value of a certain month in gestation was strongly correlated with BW; for 
heavier heifers it was economically more profitable to be in a later stage of gestation than for 
the lighter animals. July heifers which were less than 3 months pregnant and weighted more 
than 527 kg were replaced. 
Figure 4.4 Effect of BW, month of birth (January or July) and month in gestation (Pregnant = 2,4 or 6 
months) on retention pay-off (RPO) for heifers of 20 months of age (maximum prepubertal 
ADG = 700 g/day, ADG = 900 g/day). 
-Rearing rates 
The rearing rates can be ranked according to their RPO values. Figure 4.5 shows the 
optimum rearing pattern and BW per stage for a heifer born in an 'average' season of birth, 
based on the average ages of 12 months at puberty and 22 months at calving. Until puberty 
(12 mo), the optimal ADG equalled the critical prepubertal growth rate of 700 g/day. Once 
cycling, the heifer should be inseminated as soon as possible in pursuance of 900 or 1100 
g/day. As long as the heifer is not pregnant, the remaining time period until calving is 
uncertain. Because of this uncertainty, differences in RPO values for a 900 and a 1100 gram 
growth were very small during the first two cyclic months; maximum variation equalled Dfl 
8. Once pregnant (14 mo), the heifer should be reared at the highest rate to achieve the most 
optimum BW at calving, ending with the predefined 300 gram growth per day during the last 
2 months of gestation. 
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Figure 4.5 Optimum rearing pattern. 
4.4 Discussion 
In the default situation, the optimal rearing policy resulted in an average calving 
weight of 564 kg at an average calving age of 22.6 months. Discounted net returns coincided 
with Dfl 337 per heifer per year. States within a stage and decisions per stage could be ranked 
according to their RPO and IV key values. Ranking prepubertal rearing rates demonstrated a 
considerable impact of the prepubertal critical growth rate on the optimal rearing policy 
(Figure 4.2). With regard to feeding costs (=60% of total variable costs) it would be more 
profitable to reduce the prepubertal period to the minimum age at puberty of 7 months by 
increasing the ADG. However, expected penalties for rearing rates above the critical 
prepubertal rate exceeded the savings of feed costs, resulting in an optimal prepubertal 
growth rate of 700 g/day and an average prepubertal period of 12 months. At present, the 
interrelationships of rearing strategies with the productivity and profitability of the dairy 
replacement are not well understood (Mourits et al., 1997). Additional research is needed but 
will be limited because of the cost associated with rearing experiments. Faced with this lack 
of information, the strength of this heifer model lies in the field of the sensitivity analyses by 
providing valuable information regarding the critical components of heifer rearing. 
BW gain can be divided into an increase in structural tissue and in fat deposition. 
Structural growth starts slowly, reaches a maximum at puberty and slows down thereafter 
(Judge et al., 1989). Besides an increase in fat deposition with developmental stage, higher 
energy diets also result in a proportionally higher fat deposition. In general, a body condition 
score at calving of more than 3.5 should be prevented (Hoffman, 1997). Excessively 
conditioned heifers (body score >3.5) are not of productive benefit and only result in an 
increased potential for metabolic disorders. Therefore, in assessing the optimum growth 
pattern of a replacement heifer, factors associated with body composition should also be 
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considered. Research information on the relationship of BW, growth rate and growth pattern 
with body condition is critically lacking. Consequently, only BW is used in this model to 
define the optimum body size. The resulting optimal policy is therefore only valid if the body 
condition score at calving is between 3 and 3.5. While preventing excessive conditions by 
monitoring body conditions at regular intervals, it will be economically optimal to rear at 
modest levels prepubertally, to inseminate early and to rear at higher rates postpubertally. 
Within the sensitivity analyses, calculations will demonstrate to which extent the 
optimum policy and economic results are influenced by limitations in growth levels during 
certain periods of time (like gestation) to prevent excessive body conditions. 
In the present model the valuation of full-grown heifers is based on a system of 
premiums. GaUigan et al.(1995) used in their study the lifetime gross margin values as 
calculated by Jalvingh et al. (1993) to value full-grown heifers. These values show the 
seasonal benefits of month of first calving. The calculation of these lifetime gross margins 
was based on a predetermined optimal dairy cow decision policy. However, one of the input 
variables in the determination of these optimum dairy cow decisions was the cost of a 
replacement heifer, and as demonstrated by Van Arendonk (1985), this cost could 
considerably affect the optimum msemination and replacement decisions on dairy cows. The 
lifetime gross margins are therefore indirectly a result of the heifer price used. A valuation 
system based on these gross margins is therefore less valid, because it estimates the value of a 
heifer on some preliminary assumptions of the same value. 
The valuation system in the present model only takes into account the expected 
impact on milk yield during first lactation. Long term effects of prepubertal growth rate and 
calving season on expected future profitability are not considered. Inclusion of these effects 
would result in a better understanding of the main components with regard to the rearing of 
homegrown heifers. In such a scenario rearing heifers is no longer seen as a separate activity 
but as an integrated aspect of the dairy enterprise. In the future, such a model could be 
developed by linking the present heifer model to a dairy cow replacement optimization 
model. 
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Appendix 
The marginal probability of conception is calculated from the probability of heat 
detection and the probability that conception takes place after insemination. Because the 
stage interval is one month, monthly periods are used to calculate the conception 
probabilities. For example, the period of 442.25 to 472.75 days of age is used to calculate the 
marginal probability of conception at 15 months of age. The average oestrous cycle, however, 
lasts 21 days. Based on a stage interval of 30.5 days (1 month), the number of oestrus varies 
among the successive stages. In the model, it is assumed that the occurrence of first oestrus is 
equally distributed over the decision period. Furthermore, a constant cycle length of 21 days 
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is used for heifers which remain open after a previous insemination. The probability of 
conception during a certain cyclic stage, in which oestrus A and B occur, then depends on 1) 
the proportion of empty heifers which is inseminated for the first time, 2) the proportion of 
heifers which is inseminated during oestrus (A) but fails to conceive and reaches a following 
oestrus (B) during the same month, and 3) the proportion of heifers which is not detected 
during oestrus (A) but reaches a following oestrus (B) during the same month. 
Heifers which fail to conceive after 8 oestrus are replaced. These assumptions have 
resulted in the definition of the following 32 reproductive state-classes; 1= prepubertal state, 
2= first cyclic period, 3= second cyclic period without previous insemination, 4= second 
cyclic period with previous insemination, 5= third cyclic period without previous 
insemination, 6= third cyclic period with first insemination during the first cyclic period, 7= 
third cyclic period with insemination during the second cyclic period, ..=...., 22= sixth cyclic 
period with first insemination during the fifth cyclic period, 23= empty state after 6 cyclic 
periods, 24= one month pregnant, ..= ..... and 32= nine months pregnant, where a cyclic 
period lasts 30.5 days and relates to the oestrous cycle as demonstrated in Table A4.1. The 
probability of conception during cyclic period i, pi, is calculated from the following equation; 
m m 
P i =l ¥ j c j +(I f « k i V ) d j c j 
where Fy represents the proportion of empty heifers which is inseminated for the first time, 
during oestrus j in cyclic period i, dj is the heat detection rate of oestrus j , Cj is the conception 
rate after insemination during oestrus j , fyH denotes the proportion of empty heifers which is 
mserninated for the first time during oestrus 1 in cyclic period k, qyu is the probability of a 
heifer, inseminated for the first time during oestrus 1 in cyclic period k, fails to conceive until 
the jth oestrus in cyclic period i, and m is the maximum number of oestrus considered. Fy can 
be determined from Table A4.1. For example, if a heifer is inseminated for the first time 
during the second cyclic period, the first insemination occurs for 69% during the second 
oestrus, and for 31% during the third oestrus. The conception rate and detection rate are 
dependent on oestrus number. The conception rate coincides with 55% and 65% for oestrus 
numbers 1 and 2, and with 70 % for higher numbers, while the detection rate equals 40% for 
the first oestrus, 60% for the second cycle, and 70% for all oestrous cycles afterwards. 
The marginal probability of conception during cyclic period i, pcj, is calculated as 
P c i = C month x Pi > f° r * *s ^ ^ m t c v c u c period of insemination, and 
i-l 
P C i = C m o n u , X P i / ( 1 - X P j ) 
where C m o n t h represents the seasonal impact of month of insemination on the marginal 
probability of conception (Jalvingh et al., 1993). 
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Table A4.1 The proportion (%) of oestrus within the defined cyclic periods. 
Cyclic period Oestrus number 
1 2 3 4 5 6 7 8 9 
1 100 31 
2 69 62 
3 38 93 25 
4 7 75 56 
5 44 87 18 
6 13 82 49 
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Chapter 5 
Optimal Heifer Management Decisions and the Influence of 
Price and Production Variables1 
Abstract 
A dynamic programming model was developed to optimize the rearing strategy of 
individual heifers. The model optimized management decisions with respect to growth rate, 
insemination and replacement by maximizing the present value of net returns per heifer place. 
Faced with the scarcity of exact information on the fundamental elements of heifer rearing, 
sensitivity analyses were carried out to evaluate the technical and economic consequences of 
various price and production variables. 
Results for Dutch conditions showed that it was most profitable to rear heifers at the 
highest achievable growth rates without fattening. Based on a critical prepubertal average 
daily gain (ADG) of 900 g/d and a maximum achievable postpubertal ADG of 700 g/d, 
optimum policy resulted in an average age of first calving of 21.2 months at a body weight of 
541 kg. 
The sensitivity analyses demonstrated a considerable impact of the critical prepubertal 
growth rate on both the optimal rearing policy and expected net returns. Technical and 
economical results were also very sensitive to seasonal influences on price and production 
variables. Heifer calves born in winter were the most profitable calves to rear. 
5.1 Introduction 
Dairy farmers all over the world are faced with the complex dilemma of minimizing 
rearing costs while ensuring or enhancing future cow performance. Heifer management 
decisions interact with biological aspects of growth, thereby influencing future profitability of 
the heifer (Hoffman and Funk, 1992; Mourits et al., 1997). A thorough understanding of these 
biological interactions is still lacking. A model simulating heifer management decisions and 
their potential impacts will, therefore, be a suitable alternative for the evaluation of the 
technical and economic consequences of various rearing strategies. Currently available 
Paper by Mourits, M.C.M., Huirne, R.B.M., Dijkhuizen, A.A., Galligan, D.T. 
Livestock Production Science 60 (1999): 45-58. 
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management support models primarily focus on the mature cow, thereby simplifying or 
neglecting the rearing unit (Houben et al., 1994; Jalvingh et al., 1993; Kristensen, 1993). 
During the rearing period, costs are generated in the form of feed, veterinary 
treatment, housing and labour, without providing any income until lactation or sale of the 
animal. A basic approach in reducing these costs is to shorten the non-productive rearing 
period by accelerating growth and early breeding, which decreases time to first calving. In 
The Netherlands, the rearing period of dairy heifers averages 26 months (Nederlands 
Rundvee Syndicaat, 1997). Increased growth rates could reduce the age at which heifers are 
able to conceive to even less than 9 months, making a rearing period of 18 months possible 
(Amir and Kali, 1974). However, due to the various biological interactions with growth, the 
ultimate economic outcome of such a reduction in rearing time will depend on the balance 
between possible advantages (such as decreased feed costs) and possible disadvantages (such 
as lower conception rates or reduced milk production) (Hoffman and Funk, 1992; Mourits et 
al., 1997). 
Mourits et al. (1999) developed a stochastic dynamic programming model to 
determine the optimal rearing policy for individual dairy heifers. In this model heifer rearing 
is modelled as a separate farming activity, which means that the model starts with newborn 
calves and ends with full-grown heifers to be sold at market prices. The model optimizes 
management decisions with respect to growth rate, insemination and replacement (sale) based 
on maximization of present value of net returns per heifer place per year. 
In this study, the applications of the heifer rearing model are demonstrated by 
evaluating a basic situation for a typical Dutch herd. Average technical and economic results 
are presented at herd and animal level. Faced with the lack of exact information on the 
fundamental elements of heifer rearing, sensitivity analyses are carried out to provide 
information regarding the critical components of heifer rearing. Effects of variation in major 
price and production variables on the optimal decision policy are described and, moreover, 
influences of specified rearing conditions are studied and discussed in detail. 
5.2 Materials and methods 
5.2.1 Optimization model 
In a previous study a stochastic dynamic programming (DP) model was developed to 
optimize the rearing strategy for individual heifers (Mourits et al., 1999; Chapter 4). The 
hierarchic Markov process (HMP) was used as DP algorithm. In a HMP, series of Markov 
decision processes called subprocesses are built together into one Markov decision process, 
called the main process. The HMP formulation results in an exact optimization under infinite 
planning and is very efficient in the sense of fast convergence and number of calculations 
(Kristensen, 1993). 
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The objective function in the model is defined as maximization of total present value 
of expected net returns per heifer place. Time step coincides with 1 month (i.e., stage length 
=30.5 days). In the model a fixed weaning period of two months is considered, resulting in 
weaned calves of an age of 2 months and a body weight (BW) of 75 kg. Optimization of the 
rearing decisions therefore starts when the heifers are at the age of 2 months. Maximum 
duration of the rearing period is set at 30 months, resulting in a total of 29 rearing stages. 
State variables are defined in the main process as well as in the subprocesses. In the main 
process the only state variable is season of birth (12 levels). Season is considered due to its 
effects on prices of feed, milk, meat and calves and on the expected milk production, which 
can substantially influence the economic results. There is one subprocess for each class of 
season of birth. In these subprocesses the state of a heifer is described by the variables body 
weight, maximum prepubertal growth rate, and reproductive state. 
Body weight is the main variable, as it determines the onset of puberty, and influences 
feed costs, slaughter value, expected milk production and market price. The BW variable 
represents the actual live weight of the heifer, corrected for the weight of foetal tissue. The 
number of BW classes depends on the interval between the gain strategies modelled. In the 
first stage BW equals 75 kg. After the first stage BW can only be one of the weights out of a 
range of 90.25 to 611.8 kg with 3.05 kg intervals, resulting in a total of 173 BW classes. 
A prepubertal growth rate beyond the recommended growth rate of 0.7 kg per day is 
expected to have a negative influence on future milk production ability (Foldager and 
Sejrsen, 1987). Because of this influence the maximum prepubertal growth rate is included as 
a 'memory' state variable. The variable is, thereby, divided into 3 rate classes for maximum 
prepubertal growth rate < 0.7 kg/d, > 0.7 and <, 0.9 kg/d, or >0.9 kg/d. 
The reproductive state is divided into 32 classes: one class describing the prepubertal 
state, 22 classes to describe the cyclic states, and 9 classes describing the pregnancy states. 
The definition of the cyclic states depends on the oestrus number and the moment of first 
msemination (Mourits et al., 1999). 
The model optimizes three categories of decisions: 
1) Keep the heifer at least one more month in pursuance of a growth rate of 500, 700, 900 or 
1100 grams per day. These four decisions can be made for all animals with a reproductive 
state of less than 7 months pregnancy. During the last 2 months of pregnancy it is assumed 
that the only possible growth rate equals 300 grains per day. 
2) Keep the heifer at least one more month in pursuance of a growth rate of 500, 700, 900 or 
1100 grams per day and mseminate her when in oestrus. Insemination is defined as possible 
during the cyclic reproduction states until 22 months of age. 
3) Replace (sell) the heifer at current season, age, weight, pregnancy state and prepubertal 
growth rate with a new born heifer calf. In the model the decision to replace results in an 
immediate replacement at the beginning of the month. Heifers, which are 9 months pregnant, 
are automatically replaced (sold). 
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Three groups of transition probabilities are used to represent uncertainty in the 
processes of puberty, conception and involuntary disposal (Mourits et al., 1999). In general 
heifers start to cycle at approximately 43% of their mature BW (Van Amburgh and Galton,, 
1993). For the Dutch dairy population this coincides with an average BW of 275 kg. In the 
model the probability of puberty is normally distributed over the BW classes with an average 
BW at puberty of 276.3 kg and a variation coefficient of 10%. By this definition puberty 
occurs within the BW range of 220 kg up to 332 kg. 
The marginal probability of conception is calculated from the probability of first 
and/or later inseminations occurring and the probability that conception takes place after 
insemination. The conception rates coincides with 55% and 65% for oestrus number 1 and 2, 
and with 70% for higher numbers, while the detection rate equals 40% for the first oestrus, 
60% for the second oestrus, and 70% for all oestrous cycles afterwards (Mourits et al., 1999). 
The probabilities of involuntary disposal during each month of age coincide with 0.6, 
0.4, and 0.2% for months 2, 3, and 4, respectively, and with 0.15% for higher months 
(KWIN-V, 1996). 
5.2.2 Economic components 
The parameters of the heifer model have been chosen to represent the Black and 
White dairy cattle population in the Netherlands. Basic input variables used to determine the 
expected net returns in each state and stage are taken from Mourits et al. (1999) and are 
summarised in Table 5.1. The basic price of Dfl 251 per heifer calf is based on the market 
price for heifer calves bought one week after birth. However, due to seasonal variation (Table 
5.2), calf costs vary from Dfl 329 for calves born in July to Dfl 188 for calves born in March. 
The costs of feed and veterinary treatment during the weaning period are set at Dfl 150 per 
heifer. 
The calculation of the monthly feed intake and costs is based on the linear 
programming (LP) model as presented by Mourits et al. (1997). The objective function of this 
model is to minimize the cost of a feed ration providing adequate levels of both energy and 
protein, within the limits of the dry matter intake. The feeds used in this model are commonly 
fed in practice, with in summer (May through October) grass and concentrates and in winter 
(November through April) silage and concentrates. 
The costs of housing and labour supplied by the farmer are considered to be fixed 
costs and are therefore not included in the calculation of the rearing costs. 
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Table 5.1 Basic prices and other parameters used to determine the optimum rearing policy 
( lDf l~US$ 0.50). 
Costs 
Heifer calf (Dfl) 251 
Weaning period (Dfl) 150 
Veterinary costs (Dfl/mo) 
age 2 mo 10 
age 3 mo 8 
age 4-12 mo 5 
age 13-30 mo 3 
Insemination (Dfl) 30 
Feed (Dfl/kg DM) 
concentrate 0.37 
grass 0.18 
grass silage 0.26 
maize silage 0.33 
Revenues 
Dairy heifers (Dfl) 2100 
Milk (net return (Dfl/kg)) 0.62 
Price of carcass weight (Dfl/kg) 5.3 
Characteristics standard heifer 
Critical prepubertal growth rate (g/day) 700 
Body weight at calving (kg) 525 
First lactation 
milk (kg) 6800 
fat content (%) 4.41 
protein content (%) 3.48 
Others 
Annual real interest rate (%) 5 
Table 5.2 Per calendar month effects on base prices of calves, heifers and carcass weight as mentioned 
in Table 5.1". 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Prices (Dfl) 
calves -45 -57 -63 -7 +67 +74 +78 +30 -3 -18 -28 -37 
dairy heifers -35 -55 -65 -45 +10 +15 +25 +45 +50 +55 +20 -20 
carcass (kg 4) -0.34 -0.20 -0.04 +0.06 +0.27 +0.29 +0.24 +0.14 +0.08 -0.03 -0.19 -0.27 
"Based on (Jalvingh et al., 1993). 
The valuation of a full grown heifer is determined by means of a premium system. 
With this system the market value of a heifer is estimated relatively to a predefined standard 
heifer (Table 5.1). The value of an individual heifer depends on the expected future milk 
production ability, which is influenced by the prepubertal growth rate and BW at calving 
(Hoffman and Funk, 1992, Foldager and Sejrsen, 1987). As demonstrated in several studies 
(Hoffman and Funk, 1992; Keown and Everett, 1986; Van Amburgh and Galton, 1994), the 
effect of a higher BW at first calving is an increase in milk production. This effect is mainly 
due to environmental causes such as feed and management. Genetic correlations of BW at 
calving with milk yield traits are generally low (Lee, 1997). Based on the results of Persuad 
et al. (1991) and Lee et al. (1992) the environmental regression coefficient between calving 
weight and first milk yield is valued to be equal to 0.1% (Mourits et al., 1999). The relation 
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between calving weight and milk production is assumed to be linear for BWs < 570 kg 
(Mourits et al., 1999). Heifers with a BW of 1 kg above (or below) the standard weight of 
525 kg are expected to produce 0.1% more (or less) than the predefined standard production 
of 6800 kg milk. In formula: 
EMP = SMPX (1 + O.OOlx (BW - 525)), for BW <, 570 kg 
EMP = SMP x (1+O.OOlx (570 - 525)), for BW > 570 kg 
where, 
EMP = expected milk production, 
SMP = standard milk production (6800 kg). 
In the model it is assumed that the future milk production ability is depressed when 
the rearing rate during the prepubertal period exceeds 700 g/d. This assumption corresponds 
with the results from the experiments of Foldager and Sejrsen (1987) and Sejrsen and Purup 
(1997). Based on the study of S0rensen (1989), the relative impact (Mprep) of prepubertal 
growth rates above this critical rate of 700 g/d is described by the following equation; 
=1, for X ^  0.7 kg/day 
Mprep =0.67 + 1.30(Xx6/7)xl.25(Xx6/7)2, for X > 0.7 kg/day 
where X resembles the maximum pursued growth rate during the prepubertal period. 
The premium of the expected milk production is determined by: 
Premiummiik = (Mpœp * EMP - SMP) * p 
where p resembles the milk price corrected for feed cost (net return per kg milk without a 
quota restriction) which corresponds to Dfl 0.62 per kg milk. For example, a heifer with a 
calving weight of 550 kg has an EMP of 6800 kg * ( 1+ 0.001 kg milk/kg BW *(550 kg - 525 
kg )) = 6970 kg. If the maximum prepubertal rearing rate corresponds with 900 g/d, future 
production ability will be depressed by 7.2% (Mprep=0.928). Hence, the premium of expected 
future milk production will be equal to (0.928 * 6970 kg - 6800 kg) * 0.62 DfL/kg = Dfl - 206. 
hi addition to the influence on milk production, BW at calving also influences the 
occurrence of dystocia (Erb et al., 1985). In the model the premium for the influence of BW 
on dystocia is based on the expected effect on calf mortality and veterinary cost, and is equal 
to Dfl ( -0.40 * calfprice - 300) for heifers with BW smaller than 425 kg, Dfl ( -0.23 * 
calfprice) for heifers with a BW between 425 and 475 kg, and Dfl 0 for heifers with a BW 
greater than 475 kg (Mourits et al., 1999). The market price of the standard heifer equals Dfl 
2100. Differences in seasonal market prices (Table 5.2) result in a premium for calving 
season. Based on the definitions as defined above the market value of a replacement heifer 
equalled: 
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Market Price = Standard Market Price + 
Premiun^caivtog season) + Premium^) + Premiurn^ystocia) • 
For example, the market value of a heifer with a calving weight of 550 kg, a maximum 
prepubertal growth rate of 900 g/d and September as calving season corresponds with Dfl 
(2100 + 50 - 206 + 0) = Dfl 1944. 
The market value of heifers less than 9 months pregnant was set equal to the slaughter 
value. Slaughter value was calculated from BW, dressing percentage and price per kilogram 
of carcass weight (Tables 5.1 and 5.2). 
For more detailed information on the structure of the model and its input, reference is 
made to Mourits et al. (1999). 
S3 Results 
5.5.7 Basic situation-
Based on the default input variables, the optimal rearing strategy resulted in an 
average optimal calving age of 22.6 months at an average calving weight (exclusive foetal 
tissue) of 564 kg (Table 5.3). Under the optimum strategy 64.2% of the replacement heifers 
calved between 21 and 24 months of age. Only 12.2% had a calving age of 25 months or 
more. Body weight at calving corresponded in 78.9% of the cases with a BW between 560 
and 575 kg. 
Most heifers (95.1%) were reared as dairy replacements. Just a small portion of 
heifers older than 2 months was sold at the beef market (1.1%) or involuntary replaced 
(3.8%). Additional calculations showed that only heifers with insufficient reproduction 
performance were sold as beef heifers. In the optimal situation the maximum present value of 
expected net returns per heifer per year, calculated as an annuity, equalled Dfl 337. Average 
discounted rearing cost was Dfl 753 per heifer per year of which 59.8% (Dfl 450) was caused 
by average feed costs for heifers older than 2 months. 
Under the optimum rearing policy, prepubertal heifers were reared at an average daily 
gain of 682 g/d, resulting in an average age at puberty of 12.1 months at a BW of 285 kg. 
Breeding commenced at an average age of 12.7 months at a BW of 302 kg. Once pregnant, 
heifers were reared at the highest growth levels (1006 g/d on average) to achieve the most 
optimum calving weight, ending with the predefined 300 gram growth per day during the last 
two months of gestation. 
Besides the average farm results, Table 5.3 also presents the average technical and 
economic results per heifer for each season of birth. Optimal policy was sensitive to season of 
birth, reflected by the differences in the distribution of age at calving. Consider for example 
the percentages of heifers with a calving age of 25 months or more, which varied from 6.5% 
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Table 5.3 Average default results per season of birth. 
Month of birth of heifer calf 
Average Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Technical Results 
Calving age, mo 22.6 22.6 22.3 22.3 22.1 22.1 22.1 22.0 22.0 24.7 23.8 22.8 22.8 
Calving age < 21 mo, % 7.7 0.0 7.2 6.5 14.4 14.4 15.4 17.2 17.3 0.0 0.0 0.0 0.0 
Calving age £ 25 mo, % 12.2 9.1 7.6 7.0 6.5 6.7 6.7 6.7 7.7 48.5 21.7 9.4 9.1 
Calving weight, kg 564 567 552 553 559 559 559 557 556 571 571 570 570 
Age at puberty, mo 12.1 11.9 11.9 11.9 11.9 11.9 11.9 11.9 11.9 13.6 12.7 11.9 11.9 
Involuntary replacement*, % 3.8 3.8 3.8 3.8 3.8 3.8 3.8 3.8 3.8 4.1 4.0 3.9 3.8 
Reared as dairy heifer3, % 95.1 94.9 95.3 95.3 95.3 95.6 95.6 95.7 95.6 94.1 94.4 94.6 94.5 
Reared as beef heifer ", % 1.1 1.3 0.9 1.0 0.9 0.7 0.6 0.6 0.6 1.7 1.6 1.6 1.6 
Economic Results 
Discounted net returns, 
Dfl/yr per heifer 
337 387 379 364 320 270 265 274 317 323 358 390 395 
Discounted rearing cost, 
Dfl/yr per heifer 
753 715 719 725 768 819 829 830 795 699 707 719 713 
Discounted feed cost", 
Dfl/yr per heifer 
450 438 443 453 460 468 475 471 465 423 429 438 433 
Age > 2 months 
for heifers born in April to 48.5% for heifers born in September. Season had a considerable 
impact on the economic results per heifer per year. Discounted rearing costs were highest for 
heifers born in the period from May through July and lowest for heifers born from September 
through February (maximum difference Dfl 131/yr). Discounted feed costs were highest for 
birth month June, and lowest for birth month September (difference Dfl 52/yr). Highest 
income per heifer was obtained from heifers born in December (Dfl 395) whereas those born 
in June yielded the lowest (Dfl 265), implying a difference of Dfl 130 per year. Due to these 
seasonal influences on the economic results, it was optimal to extend the rearing period of 
heifers born in September and October to 24.7 and 23.8 months, respectively. By extending 
the rearing period those heifers reached a more profitable calving season thereby profiting 
from the less expensive grazing season. 
5.3.2 Impact of variation in price variables; beef option included 
To study the sensitivity of the optimum rearing policy for price fluctuations, price 
variables were varied +15% and -15% relative to the level in the default situation (Table 5.1). 
Per alternative only one input variable was changed at a time, while for other variables the 
basic values were used. To quantify the impact on the optimum rearing policy, effects on 
calving age and discounted income were studied. Results obtained from this price sensitivity 
analysis are summarised in Table 5.4. 
Table 5.4 Effects of a 15% variation2 in price variable on calving age (CA), and discounted net returns 
per heifer (NR). 
Alternative +15% -15% 
CA CA<21 CA>25 NR CA CA<21 CA225 NR 
(mo) (%) (%) (Dfl/yr) (mo) (%) (%) (Dfl/yr) 
Default 22.6 7.7 12.2 337 22.6 7.7 12.2 337 
Beef option included 
Market price 22.3 10.7 7.4 497 22.3" 4.7 b 5.6" 176 
Slaughter value 22.4 b 4.7" 6.3 b 324 22.6 7.7 12.4 336 
Beef option excluded 
Market price 22.3 10.7 7.4 497 23.1 5.2 23.3 181 
Slaughter value 22.7 7.2 12.5 337 22.6 7.7 12.4 336 
Corrected milk price 22.7 6.3 12.5 348 22.4 9.3 8.9 329 
Heifer calf price 22.7 7.2 13.3 314 22.4 9.1 8.9 362 
Concentrate price 22.7 7.8 13.3 328 22.4 8.5 8.1 349 
Roughage price 22.6 7.8 12.4 277 22.5 7.9 9.0 399 
* Only one condition is changed at a time. 
b Only a small portion (= 39%) was reared as dairy heifer. 
The optimum management decisions were very sensitive to the difference between 
market price and slaughter value. A reduction of this difference (market price -15% or 
slaughter value +15%) resulted in a higher percentage of heifers reared for the beef industry 
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(61%). In both alternatives, it was more profitable to raise the heifer calves which were born 
in the months April through October as beef heifers. Due to the higher expected profitability 
of the replacement calves, most beef heifers (>60%) were sold during the calendar months 
March and November. The heifers, which were reared as dairy replacements (39%), had an 
average age at first calving of 22.3 months (Table 5.4). 
The increase in slaughter value resulted in an average annuity of the present value of 
expected net returns per heifer per year of Dfl 324, which was Dfl 13 lower than the average 
discounted returns in the default situation. This can be explained by the fact that the optimum 
policy is based on the maximization of the cash flow per heifer place (i.e., the total present 
value of expected net returns from the present heifer and its replacements) while the 
discounted net returns per season of birth represent the cash flow of only the present heifer. 
In the situation of the increased slaughter value, a large number of heifers were raised as beef 
heifers and replaced after a raising period of 10.5 to 14.4 months for heifer calves with higher 
expected profitabilities. When these heifers were only reared as dairy replacements (default 
situation) it would require a longer period (approximately 22 months) before replacement for 
a more profitable heifer was optimal. Discounted net returns per heifer place were therefore 
approximately Dfl 6/yr higher in the situation of the increased slaughter value than in the 
default situation. 
When the difference between market price and slaughter value was increased (market 
price +15% or slaughter value -15%), the optimal policy was to rear heifers as dairy 
replacements. Compared to the default rearing strategy, the increase in market price or 
decrease in slaughter value had only a small effect on the optimal rearing strategy (Table 
5.4). 
5.3.3 Impact of variation in price variables; beef option excluded 
As described before, the objective of rearing heifers is to produce high quality dairy 
replacements at low cost and not to raise them for the beef industry. To gain insight into the 
sensitivity of the optimal rearing strategy, the model was adapted to a situation in which all 
calves were predestined to become dairy replacements. In this scenario the decision to raise 
heifers for the beef industry was excluded, by setting the slaughter value at Dfl 0. Only 
heifers which fail to conceive after 8 oestrus (i.e., insufficient reproduction) were sold at the 
original beef prices. Basic results as described above (Table 5.3) were not influenced by this 
adaptation. All remaining analyses in this chapter were based on this adjusted scenario. 
The reduction in market price resulted in an increase of the average optimal calving 
age from 22.6 to 23.1 months (Table 5.4). This increase was mainly caused by the altered 
optimum policy of heifers born in August. While the average calving age of the remainder 
seasons of birth varied from 22.1 to 24.9 months, optimum calving age for heifers born in 
August increased from the default age of 22.0 to 25.7 months. The extension in rearing period 
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altered the calving season towards a more profitable one. In the default situation > 50% of the 
August heifers calved and were replaced during the less profitable months May, June and 
July. In the alternative of the reduced market price, more than 75% of the August heifers 
calved during the more profitable months September and October. Although the extended 
rearing period reduced the number of rearing rounds per unit of time, expected net returns 
exceeded the net returns based on the default rearing policy, in which the number of rounds 
was higher but expected net returns (based on a 15% reduction in market price) were lower. 
The average optimal rearing policy and the optimal rearing policy per month of birth 
were not very sensitive to changes in slaughter value, heifer calf price, corrected milk price, 
or feed prices (Table 5.4). In comparison with the results in the default situation, the impacts 
of all these variations on average age of first calving were less than 0.3 mo. With the relative 
decrease in price variables, seasonal differences in costs and revenues were reduced. Seasonal 
impact on the expected net returns was therefore less than in the default situation, resulting in 
a smaller dispersion of calvings per calving age. 
The annual present value of expected net returns per heifer was most sensitive to 
changes in heifer market price (impact > 45%) and roughage feed prices (impact 18%). It was 
not highly influenced by changes in heifer calf price, slaughter value, corrected milk price, 
and concentrate price (impact < 7%) (Table 5.4). The effect of price variations on the net 
returns per heifer reflected the composition of the average net returns in the default situation 
where revenues were mainly dominated by the basic market price (90%). Rearing costs, as 
defined in the model, were determined to be 60%, 18%, 11% and 11% by feed, replacement 
heifer calf, weaning period and remainder aspects (as insemination and veterinary 
treatments), respectively. 
5.3.4 Variation in production variables; beef option excluded 
Alternative levels of production variables (i.e., relation BW - expected milk 
production ability, relation prepubertal growth rate - expected milk production ability, oestrus 
detection rate) and their impact on the average technical and economic results are outlined in 
Table 5.5. 
Variation in critical prepubertal growth rate had a considerable influence on both the 
technical and economic results. The critical rate of 600 g/d resulted in an average calving age 
of 23.4 months at an average calving weight of 564 kg. The percentage of heifers with a 
calving age of more than or equal to 25 months increased to 29.7%. However, the average 
results were considerably influenced by the divergent optimum policy of heifers born in July, 
August and September. While the average calving age of heifers born in one of the remainder 
months of birth varied from 22.0 to 23.1 months, the optimum calving age for heifers born in 
July, August and September increased from 22.0, 22.0, and 24.7 months in the default 
situation to 26.6, 26.3, and 26.3 months, respectively. Age at puberty was also higher for the 
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My to September heifers: 15.6 months compared to 11.9 months for the heifers from the 
remainder months of birth. By raising the heifers at a lower prepubertal rate (500 g/d) to 
prevent a reduction in expected production ability and by having benefits from lower feed 
costs during grazing season, the expected revenues exceeded the cost of an extended rearing 
period. This rearing strategy was however only profitable for heifers born in the period My 
to September. Highest income was obtained from heifers born in December (Dfl 332/yr) 
whereas heifers born in June yielded the lowest (Dfl 194/yr). 
Table 5.5 Effects of variation3 in production variables on calving age (CA), calving weight (CBW) and 
discounted net returns per heifer (NR.), when beef option is excluded. 
CA CA<21 CAS 25 CBW NR 
Alternative (mo) (%) (%) (kg) (Dfl/yr) 
Default 22.6 7.7 12.2 564 337 
Critical prepubertal 600 23.4 5.7 29.7 564 272 
growth rate (g/d) 800 20.8 48.4 2.2 564 365 
Regression coeff. 0.075 22.4 10.3 8.9 562 322 
BW-milk yield (%) 0.125 22.7 5.7 12.5 565 356 
Critical BW (kg) 550 22.3 10.2 8.3 548 319 
590 22.8 6.6 14.9 578 352 
Oestrus detection rate -15% 22.8 7.2 14.4 564 320 
+15% 22.3 8.4 6.0 562 352 
Only one condition is changed at a time. 
Based on a critical rate of 800 g/d the average calving age decreased to 20.8 months. 
With the increase in critical rate the negative impact of higher growth rates during the 
prepubertal period decreased, resulting in a reduction of the average prepubertal period 
(average age at puberty 10.3 months). Because of the seasonal differences in costs and 
revenues, average age at puberty per season of birth varied from 9.8 to 11.9 months, whereas 
the average calving age per season of birth varied from 20.0 to 22.7 months. Maximum 
difference between expected net revenues from heifers born at different months increased 
from Dfl 130 in the default situation to Dfl 170 per heifer per year. Lowest income was 
derived from heifers born in July after a rearing period of 20.0 months. Beside high calf cost 
(Dfl 329) and high feed costs (Dfl 495/yr) these heifers received the lowest premium for 
calving in March (Dfl -65) (Table 5.2). Heifers, which were born in January, reached the 
highest income after a rearing period of 20.4 months. These heifers had lower calf cost (Dfl 
206), lower feed costs (Dfl 453/yr) and received the highest premium for calving in October 
(Dfl +55). In the default situation the cumulative results of calf cost, feed costs and premium 
for calving season were less divergent, resulting in a smaller difference between the net 
returns per season of birth. 
Technical and economic results were slightly influenced by variations in the 
regression coefficient of 0.1% between calving weight and expected milk production. When 
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the expected increase in milk yield per kg BW was referred to calving weights below 550 kg 
(instead of 570 kg), average calving weight dropped to 548 kg. Limitation of the increase of 
milk yield for BW > 590 kg resulted in a calving weight of 578 kg. The impact of these 
alterations had only a minor impact on the optimum rearing strategy and corresponding 
discounted net returns. 
The proportional change in oestrus detection rate led to a small alteration of the 
optimal rearing period. The increased detection rate resulted in a smaller dispersion around 
the average calving age. Only 6.0% of the dairy heifers had a calving age equal to or greater 
than 25 months. For the decreased alternative this percentage coincided with 14.4%. With the 
increase of detection rate the percentage of heifers replaced for insufficient reproduction 
reduced to 0.3%, while the decreased detection rate resulted in a replacement rate for 
insufficient reproduction of 3.1%. Economic results were only slighdy influenced. 
5.3.5 Variation in rearing conditions; beef option excluded 
In this section, the impact of three alterations in rearing conditions was examined 
(Table 5.6). Alterations were based on specific rearing applications in practice considering 
the feeding regime and breeding moment. 
- Critical prepubertal growth rate 
In the default situation it is assumed that prepubertal growth rates above 700 g/d have 
a negative influence on subsequent milk yield potential (Foldager and Sejrsen, 1987; Sejrsen 
and Purup, 1997). However it has been suggested that the negative effect of high prepubertal 
feeding levels is caused by the protein unbalance within these energy high diets (Kertz et al., 
1987; Van Amburgh and Galton, 1994). Kertz et al. (1987) concluded that prepubertal BW 
gains of 900 to 1000 g/d due to skeletal growth without fattening is feasible. Such growth rate 
would not impair mammogenesis and subsequent production ability. A prerequisite is that the 
increased prepubertal energy intake is combined with sufficient (17%) protein intake to 
provide BW gains of > 800 g/d without fattening. 
As demonstrated before, the critical prepubertal growth rate has a considerable 
influence on the technical and economic results. Balancing of the protein and energy fractions 
may allow for prepubertal growth rates above 700 g/d, without incurring detrimental effects 
in mammary gland development. To demonstrate the significance of this principle, the 
optimum rearing policy was calculated for a situation in which the prepubertal feed rations 
contained at least 17% crude protein per kg of dry matter and the critical prepubertal rate was 
equal to 900 g/d. Optimum policy resulted in an average optimum calving age of 20.2 months 
(Table 5.6). Optimum calving age per season of birth varied slightly from 19.9 months for 
birth month October to 20.6 months in December. Optimum policy was less susceptible to the 
differences in expected future profitability between calving months; reduced feed costs per 
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rearing round were of higher importance. Total feed costs required for the average default 
rearing period of 22.6 months corresponded to Dfl 812, while in this alternative situation total 
feed costs for the average rearing period of 20.2 months equalled Dfl 772. Discounted net 
returns increased from the default value of Dfl 337 to Dfl 418 per heifer per year. 
Table 5.6 Effects of variation in rearing conditions on calving age (CA), calving weight (CBW) and 
discounted net returns per heifer (NR). 
CA CA<21 CAS 25 CBW NR 
Rearing condition (mo) (%) (%) (kg) (Dfl/yr) 
Default 22.6 7.7 12.2 564 337 
Critical prepubertal ADG 900 g/day 20.2 63.7 0.3 563 418 
Breeding moment BW > 330 kg 24.0 1.9 36.2 571 300 
Postpubertal max. ADG 900 g/day 23.4 3.6 28.3 555 300 
Dutch recommended ADG 21.2 29.5 0.6 541 331 
- Breeding moment 
Heifers start to cycle at approximately 43% (275 kg) of their mature BW (Van 
Amburgh and Galton, 1993). In practice, breeding is generally not started immediately after 
the onset of puberty, although it is inefficient to delay breeding because of the increased 
maintenance costs. In the model, breeding can commence once the animal has started to 
cycle. Within the default optimum situation 55% of the heifers were inseminated within their 
first cyclic month. This percentage was strongly affected by season of birth: only 5% of the 
September heifers were inseminated during their first cyclic month while this percentage was 
almost 100% for the heifers born in July. 
To demonstrate the impact of a delay in breeding, optimum rearing policy is 
calculated for a situation in which insemination is defined as possible for heifers with a BW 
of at least 330 kg. In the basic situation, first msemination occurred at an average age of 12.7 
months and an average BW of 302 kg. 
Optimization of the restricted situation resulted in an average age and BW at first 
msemination of 14.4 months and 333 kg, respectively. Optimal calving age increased from 
22.6 to 24.0 months on average (Table 5.6). The delay in the moment of first insemination by 
means of a BW restriction resulted in an extension of the average optimal rearing period of 
1.4 months and led to a decrease in the average discounted net return of Dfl 37 per heifer per 
year. 
- Restriction on maximum postpubertal growth rate 
Within the model, calculation of the least cost rations is based on the Dutch feeding 
recommendations and standards of 1995 (Mounts et al., 1997). Energy and protein 
requirements are closely related to growth rate, growth pattern and composition of growth. 
Faced with a lack of information on the composition of BW gain, the Dutch requirements for 
growth are based on empirical observations. Within these observations growth rates beyond 
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900 g/d are uncommon. Uncertain is to what extent the feed requirements can be extrapolated 
to growth rates as high as 1100 g/d. The optimized growth rates in the default situation of > 
900 g/d therefore require some further investigation. 
To prevent excessive body condition scores and/or underestimation of feed costs, 
ADG was limited after 3 reproductive (cyclic) months to a maximum of 900 g/d. Under such 
a gain restriction, optimal rearing decisions resulted in an average calving BW of 555 kg at 
an average calving age of 23.4 months (Table 5.6). Calving age and weight varied per season 
of birth from 22.1 months at 537 kg for birth month May to 26.3 months at 571 kg for birth 
month July. Compared to the economic result in the default situation, discounted net returns 
were reduced by Dfl 37/yr. 
- Extension in rearing time 
The optimal length of the rearing period increased when, compared to the optimal 
default situation, prepubertal ADG was reduced, insemination was delayed and/or 
postpubertal ADG was lowered. The economic influence of these management aspects can be 
illustrated by the results of the alterations in rearing conditions (Table 5.6). 
In the default situation prepubertal ADGs did not exceed the critical rate of 700 g/d, 
leaving the milk production ability intact. Economic results could therefore be compared with 
the optimization results of the situation with the prepubertal critical rate of 900 g/d. Reducing 
the prepubertal growth rates from 900 g/d to approximately 700 g/d, calving age increased 
from 20.2 months to a sub-optimum calving age of 22.6 months. The 2.4 months of extension 
resulted in a decrease in net returns of Dfl 81 per heifer per year, i.e., Dfl 34 per month of 
increase in rearing period. 
The delay in breeding by means of a BW restriction (Table 5.6) resulted in a 1.4 
month rearing extension and a decrease in net returns of Dfl 37 per heifer per year, that is Dfl 
26 per month of increase. This economic impact was less than the one caused by sub-optimal 
prepubertal ADGs. Although the delay in breeding increased the rearing time and therefore 
the amount of feed required for maintenance, it benefited from the positive effects of a 
heavier calving weight at calving due to the higher BW at breeding. In the situation with the 
decreased prepubertal ADG, breeding was also delayed but started at a lower BW because of 
the delay in the onset of puberty. 
The limitation of maximum postpubertal ADG from 1100 g/d to 900 g/d increased the 
sub-optimum rearing period with 0.8 months at an expense of Dfl 37/heifer /year, or Dfl 46 
per month of increase in rearing time (Table 5.6). Compared to the two former aspects, the 
impact of this management aspect is highest. Although breeding started at a higher BW (334 
kg versus 302 kg) and at an older age (13.6 mo versus 12.7 mo), the lower postpubertal 
ADGs resulted in a 9 kg lower calving weight than the higher rates. So, besides higher 
maintenance cost, net returns were also reduced because of a reduction in revenues. 
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5.4 Discussion and conclusions 
5.4.1 General 
The price sensitivity analyses showed that optimal heifer rearing policy was not very 
sensitive to changes in market price, slaughter value, calf prices, milk price or feed prices 
(Table 5.4). Income per heifer was mainly susceptible to changes in market price and 
roughage feed price. Variation in production variables demonstrated the major influence of 
the critical prepubertal ADG on both the optimal policy and expected net returns (Table 5.5). 
In present model long term effects of prepubertal growth rate on expected future 
profitability were not considered. The valuation system of the model only accounted for the 
expected impact of the rearing policy on the milk production during the first lactation. The 
expected negative impact on first lactation of prepubertal growth rates beyond the critical 
growth rate was, however, of such a significance, that in most situations the optimal 
prepubertal growth rate did not exceed the critical prepubertal growth rate. Inclusion of the 
impact on later lactations will, therefore, have only a small influence on the optimal policy. 
Seasonal effects on prices of feed, milk, and calves and on the expected conception 
rate and milk production had a considerable influence on the technical and economic results. 
Heifer calves born in winter months were the most profitable calves to rear. Winter calves 
were less expensive than summer calves and benefited the most of the less expensive grazing 
months. In the default situation highest income per heifer was obtained from heifers born in 
December whereas those born in June yielded the lowest, implying a difference of Dfl 130 
per heifer per year. Seasonal differences in calf price accounted for 53% of this seasonal 
difference in income while 32% was caused by differences in feed costs. 
5.4.2 Practical implication 
In the Netherlands recommended age at first calving is 24 months at a calving BW of 
525 kg. Figure 5.1 displays the optimized rearing pattern within the default situation together 
with the generally advised growth pattern of the Netherlands (Boxem et al., 1991). 
Comparing the optimized default rearing pattern with the advised pattern, most striking 
difference is within the gain levels during pregnancy. The optimized default situation resulted 
in an accelerated growth pattern during pregnancy, while the recommended pattern displays a 
gradual increase in BW. 
The default policy involves decelerating ADG during the prepubertal phase, followed 
by a postpubertal compensatory period, to achieve optimum calving weight and age. The 
strategy takes advantage of limiting the prepubertal dietary energy concentration by 
preventing a decrease in future milk production capacity. The prepubertal phase is followed 
by a post pubertal compensatory feeding regime designed to capitalise on the positive effects 
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of a heavier calving weight on productivity. However, little information is available on how 
compensatory feeding regimes alter BW gain composition (Hoffman and Funk, 1992). 
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Figure 5.1 Growth patterns according to the recommended rearing rates in the Netherlands (NL), 
the optimized default situation, and the optimized * ADG-recommended' situation. 
BW gain can be divided into an increase in structural tissue and in fat deposition. 
Structural growth starts slowly, reaches a maximum around puberty and slows down 
thereafter (Judge et al., 1989). Excessively fat heifers are not of productive benefit and only 
result in an increased potential of metabolic disorders. Research information on the 
relationship of BW, growth rate and growth pattern with fat deposition is critically lacking. 
For this reason generally advised rearing patterns (e.g., Boxem et al., 1991) recommend 
moderate high rearing rates (= 850 g/d) during the prepubertal period followed by lower rates 
(< 700 g/d) within the postpubertal period. Reflection of these recommendations by a 
modelled situation in which the critical prepubertal ADG equals 900 g/d (Crude Protein> 
17%/kg DM) and the maximum ADG after 3 reproductive months corresponds to 700 g/d, 
resulted in an average optimum calving age of 21.2 mo at an average optimum BW of 541 kg 
(Table 5.6). Optimum rearing pattern of this 'ADG-recommended' situation is also presented 
in Figure 5.1. Under the optimum rearing policy, prepubertal heifers were reared at an 
average ADG of 895 g/d, resulting in an average age at puberty of 9.8 months. Breeding 
commenced at an average age of 11.5 months at an average BW of 346 kg. During the 
postpubertal period, heifers were reared at an average of 754 g/d until the last two months of 
gestation in which the ADG was set equal to 300 gram growth per day. 
Within Figure 5.1, the optimized growth curves are marked by 5 dots, reflecting the 
successive moments of weaning, puberty, first insemination, 7-monfhs of gestation and 
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parturition. Differences between the two modelled curves demonstrate the influence of the 
expected postpubertal ADG on the interval between puberty and moment of first 
insemination. For the ADG-recommended situation with the lower postpubertal rearing rate it 
was efficient to extend this interval with a month. 
Due to the increased plane of nutrition during the prepubertal phase feed costs were 
Dfl 21/yr higher for heifers reared according to the 'ADG- recommended' pattern than for the 
heifers reared at default growth rates. Despite the contrast between the optimized growth 
patterns, difference in average discounted net returns per heifer per year was small: Dfl 331 
within the ADG-recommended situation compared to Dfl 337 in the default situation. 
5.4.3 Concluding remarks 
The optimization results (Tables 5.3, 5.4, 5.5, and 5.6) indicate that the practically 
advised postcalving weight of 525 kg at a calving age of 24 months needs some 
reconsideration. The increased stature and mature weight of the modern Holstein cow 
necessitate a heavier calving weight goal of approximately 540 - 570 kg (exclusive foetal 
tissue) at a calving age of 22 - 23 months. Further research on nutrient requirements for 
heifers with rapid rates of gain is needed to define more accurately the highest rearing rates 
without detrimental effects. Information on these requirements will aid in the development of 
recommendation for lowering the age at first calving. 
The use of intermediate weight and stature goals is limited in heifer rearing; farmers 
usually change their current rearing program when age at first calving is determined to be too 
old, or heifers are too heavy or too small. However the most decisive event during heifer 
rearing is not the parturition but the breeding. In practice, simple schemes of heart girth (BW 
measurement) and body condition score measurements at breeding and at calving (or at a 
single time for all replacements on-hand) will therefore be very useful for fine tuning the 
rearing strategy. 
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Chapter 6 
Environmental Impact of Heifer Management Decisions on 
Dutch Dairy Farms1 
Abstract 
Dairy farming contributes substantially to the Dutch environmental problems. In this 
study a dynamic heifer rearing model was used to determine the extent to which the rearing 
activity influences the mineral flows on a dairy farm. Based on average rearing conditions, 
the economic optimal rearing policy resulted in an average accounting mineral surplus of 
51.4 kg of nitrogen and 17.0 kg of phosphate per heifer per year. 
To study the sensitivity of the optimal rearing policy for environmental measures as 
the Dutch mineral accounting system (MINAS) or the use of 'least mineral' rations, the heifer 
rearing model was extended with the mineral accounting relationships and a 'least mineral' 
ration formulator. Optimal rearing policy, in the sense of growth rate decisions and breeding 
decisions, was only slightly influenced by these measures. The effects on ration composition 
and mineral surpluses were considerable. 
6.1 Introduction 
Increasing environmental problems in agriculture urge policy makers to develop 
instruments to reduce and control the pollution caused by the current intensive farming 
practices. In an attempt to decrease the environmental effects from nutrient surpluses, the 
Dutch government has developed a so-called manure policy. The aim of regulating manure is 
to decrease the nutrient surpluses to the extend that the limits of the carrying capacity of the 
environment are no longer exceeded (Dietz, 1992). 
As part of the manure policy, a mineral accounting system (MINAS) became 
compulsory for the Dutch livestock farms in 1998. This nutrient accounting system 
determines the nutrient surpluses by recording the; nitrogen and phosphate content of farm 
inputs (i.e., feed, fertiliser) and outputs (i.e. milk, meat). The difference between input and 
output, minus a threshold level for acceptable mineral losses per hectare, constitutes the 
mineral surpluses per farm that will be taxed (Anonymous, 1997). 
Paper by Mourits, M.C.M, Berentsen, P.B.M., Huirne, R.B.M., Dijkhuizen A.A. 
submitted for publication to Netherlands Journal of Agricultural Science. 
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Mineral losses in Dutch dairy fanning are considerable. Research of Aarts et al. 
(1988) indicated that on Dutch dairy farms 85% of the nitrogen input and 67% of the 
phosphate input are lost to the environment. Considering the data of 350 representative dairy 
farms, the average loss per hectare in 1993 conesponded with 388 kg of nitrogen and 57 kg 
of phosphate (Mandersloot et al., 1995). 
Most dairy farmers try to minimise the cost resulting from the MTNAS legislation by 
adapting their management strategy. The most important decision variables affecting nutrient 
use and nutrient losses on a dairy farm are the animal density on the farm, the feed ration of 
the animals and the fertilising levels of grassland and arable land (Berentsen and Giesen, 
1994; Van Keulen et al., 1996). To avoid nutrient surpluses, dairy farmers are especially 
advised to reduce their number of young stock (Teenstra, 1997). Generally, farmers raise 
more replacement heifers than is actually required for the maintenance of the dairy herd size. 
An excess of heifers enables farmers to select for better replacements. 
To maximize farm income, dairy farmers are faced with the complex dilemma of 
minimizing rearing costs while ensuring or enhancing future cow performance. Heifer 
management decisions interact with biological aspects of growth, thereby influencing future 
profitability of the heifer (Hoffman and Funk, 1992; Mourits et al., 1997). With the 
introduction of MTNAS the complexity of heifer management increased even more. 
In this study the heifer rearing optimisation model of Mourits et al. (1999b; Chapter 4) 
was used to determine the extent to which the rearing activity influences the mineral flows on 
a dairy farm and to examine the impact of the MTNAS regulation on the optimal rearing 
strategy. 
6.2 Materials and Methods 
In this section the Dutch mineral accounting system, MTNAS is explained in general 
terms. Also a concise description of the heifer optimization model is given. For a detailed 
definition of the basic model, reference is made to Mourits et al. (1999a, 1999b). 
6.2.1 MINeral Accounting System, MINAS 
Over the past 40 years Dutch agriculture has witnessed a tremendous increase in its 
livestock production. As a consequence, manure production increased considerably, resulting 
in serious environmental problems like denitrification, acidification, and pollution of surface 
and ground water. To face these environmental problems the Dutch government has been 
formulating new legislation since the 1980s (Dietz, 1992). 
With the MTNAS regulation, farms with more than 2.5 Livestock Units (LU) per 
hectare are compelled to keep a mineral account for the inputs and outputs of nitrogen and 
phosphates. 2.5 LU is equal to a production of 102.5 kg of phosphate through manure each 
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year. This might be 2.5 dairy mature cattle, 13.9 pork pigs or 427 broilers. In the Netherlands 
there are about 50.000 farms with an animal density of more than 2.5 LU per hectare. 
However after the year 2000 all farms with livestock will have to participate in the mineral 
accounting system (Anonymous, 1997). 
Within MTNAS there are two accounting systems operational viz., the specific 
account and the estimated account. The specific mineral account is an accurate recording of 
the nitrogen and phosphate inputs and outputs on the farm. Wherever possible, farmers need 
to account for the exact quantity of minerals. Consequently, all the information on the 
quantity of minerals delivered to the farm in the form of livestock, feed, manure and fertiliser 
and on the quantity of minerals removed from the farm in the form of products and manure 
need to be recorded. Part of this information is often directly provided by the suppliers and 
buyers. For the determination of manure accounts, an authorised worker must take samples of 
farm manure on location and the amount of manure (that is leaving the farm) must be 
determined. 
Within the estimated account system mineral accounting is limited to the mineral 
flows on the field. Recording of the rriineral input and output by the estimated system is 
based on official fixed rates. These rates are used to calculate the quantities of nitrogen and 
phosphate in manure and other fertilisers. Also an official fixed rate is used to determine the 
output of minerals through crops (e.g., grass, maize, hay, etc.). The estimated account is 
easier and cheaper to perform, but also less accurate. The official input rates are deliberately 
higher than the average real life situation to encourage farmers to choose in favour of specific 
accounting (Anonymous, 1997; Teenstra, 1997). 
Keeping records for the mineral balance is based on a time period of one calendar 
year. The difference between input and output, minus a threshold level for acceptable mineral 
surpluses per hectare, constitutes the rriineral surpluses per farm that will be taxed. The 
prescribed levy-free surpluses per hectare for nitrogen and phosphate will be lowered in time 
(Table 6.1). In addition to levy-free surpluses per ha, there is also an annual correction for 
nitrogen losses per animal through ammonia volatilisation from manure. For dairy cattle this 
correction varies from 9.7 kg nitrogen per calf to 30.0 kg nitrogen per mature cow, although 
the first 60 kg correction per hectare are not considered. 
Table 6.1 Levy free surpluses per calendar year (Anonymous, 1997). 
1998 2000 2002 2005 
Phosphate, kg/ha 40 35 30 25 
Nitrogen, kg/ha grassland 300 275 250 180 
Nitrogen, kg/ha arable land 175 150 125 100 
Farmers whose nitrogen and phosphate surpluses per ha exceed the acceptable levels 
must pay levies of Dfl 2.50 per kg for the first 10 kg surplus phosphate loss per ha and Dfl 10 
for each successive kg. The levy for surplus nitrogen losses is Dfl 1.50 per kg per ha 
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(Anonymous, 1997). For a typical grassland dairy farm with a cultivated area of 30 ha, an 
animal density of 3 LU and a mineral surplus per ha of 390 kg nitrogen and 55 kg phosphate, 
the nutrient surplus exceeding the acceptable level of 1998 would be equal to 60 kg nitrogen 
per ha and 15 kg phosphate per ha, resulting in a mineral levy of Dfl 4950. Related to the 
economic results of 1996-1997, this amount would correspond with 15% of the 
entrepreneurial income on an average Dutch dairy farm (Van Dijk et al., 1997). 
6.2.2 Basic heifer rearing model 
In the stochastic dynamic optimisation model of Mourits et al. (1999b; Chapter 4) 
heifer rearing is modelled as a separate farming activity. Optimisation starts with new-born 
calves and ends with full grown heifers to be sold at market prices. The rearing activity is 
structured by time steps or stages of one month. Decisions are, therefore, made on a monthly 
basis. At each stage, the state of a heifer is described by the following state variables (number 
of classes in brackets); Age (29), Season (12), Body Weight (173), Reproductive state (32) 
and Maximum prepubertal growth rate (3). The maximal duration of the rearing period is set 
at 30 months. Season is considered due to its effects on prices of feed, milk, meat and calves 
and on the expected milk production, which can substantially influence the economic results. 
Body Weight (BW) is the main variable, as it determines the onset of puberty, and influences 
feed costs, slaughter value, expected milk production and market price. The reproductive 
state describes the various prepubertal, cyclic and pregnancy states, while the maximum 
prepubertal growth rate variable is included to estimate the influence of the prepubertal 
average daily gain (ADG) on the future milk production ability (Mourits et al., 1999b). In this 
study a prepubertal growth rate beyond the 0.9 kg per day is assumed to have a negative 
influence on the future production ability of the heifer. 
In the model a fixed weaning period of 2 months is considered, resulting in weaned 
calves at a BW of 75 kg. Optimization of the rearing decisions therefore starts when the 
heifer calves are at the age of 2 months. 
The objective function in the model is defined as maximization of total present value 
of expected net returns per heifer place. For each possible combination of these state 
variables, the model determines the most optimum decision with respect to growth rate, 
insemination and replacement. Growth rate is structured by five levels of weight gain viz., 
0.3, 0.5, 0.7, 0.9 and 1.1 kg/day. In this study, however, ADG was limited after 3 
reproductive cyclic months to a maximum of 0.7 kg/day (Mourits et al., 1999a). 
Three groups of transition probabilities are used to represent uncertainty in the 
processes of puberty, conception and involuntary disposal. The probability of puberty is 
normally distributed over the BW classes with an average BW at puberty of 276 kg and a 
variation coefficient of 10%. The marginal probabilities of conception are determined by the 
product of the percentage of oestrus detected, the conception rate per service and number of 
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oestrus per month. The probabilities of involuntary disposal during each month decreases 
with age from 0.6 to 0.15%. 
Table 6.2 Feed characteristics per kg DM (Central Bureau for Livestock Feeding, 1998). 
Base price Price + levy 8 Energy Protein Nitrogen Phosphate 
(Dfl) (Dfl) (VEM6) (DVEC) (g) ÖÖ 
Grass 
before Jul 1 0.18 0.25 985 98 33.4 9.3 
from Jul 1 to Sep 1 0.18 0.25 960 102 34.4 9.3 
after Sep 1 0.18 0.25 955 104 32.3 9.3 
Grass silage 0.25 0.32 825 70 32.3 9.1 
Maize silage 0.29 0.32 909 47 13.3 4.3 
Hay 0.31 0.36 789 78 23.2 6.8 
Straw; 
wheat 0.21 0.22 432 3 6.9 1.8 
barley 0.22 0.24 516 13 6.6 2.5 
Concentrates 0.34 0.40 1036 100 25.0 10.2 
" Levy system of Dfl 1.5 per kg nitrogen and Dfl 2.5 per kg phosphate. 
b Dutch Feed Unit: 1000 VEM = 6.9 MJ of Ne, 
0 Amount of true protein digested in small intestine. 
The costs within the model include the costs of heifer calves, breeding, veterinary 
treatment and feed costs. The largest costs are represented by the feed costs. For each 
combination of state variables and weight gain strategy, a least cost ration is determined by 
means of a separate linear programming model (Mourits et al., 1997). The objective of this 
feed model is to minimise the cost of a feed ration while providing adequate levels of energy, 
protein and phosphorus, within the limits of the animals DML In this study, the estimations of 
net energy, protein and phosphorus requirements, the maximal DMI capacity, and the 
substitution rate of roughage by concentrates were adapted to the Dutch feeding 
recommendations of 1997 (PR, 1997; Van Vliet, 1997). The feedstuffs used in the ration 
formulations are typically fed in practice, with in summer (May through October) heifers fed 
on grass and concentrates and in winter (November through April) on silage and concentrates 
(Table 6.2). The costs of housing and labour supplied by the farmer are considered to be fixed 
costs and are therefore not included in the calculation of the rearing costs. 
The market value of the full grown heifers is estimated relatively to a predefined 
standard heifer (Mourits et al., 1999b). The value depends on the BW at calving due to its 
relation with milk yield and its effect on the occurrence of dystocia (Hoffman and Funk, 
1992), on the prepubertal ADG for its expected impact on future production (Foldager and 
Sejrsen, 1987) and on the calving season because of the seasonal differences in production 
and prices. 
Heifers which fail to conceive after 6 cyclic months are sold at slaughter prices. No 
reward is obtained for the replacement (involuntarily as voluntarily) of immature heifers 
(Mourits et al., 1999b). 
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6.2.3 Incorporation ofMINAS in the heifer rearing model 
The production process on most Dutch dairy farms consists of 3 interdependent 
activities; grassland exploitation, rearing young stock and managing dairy cows. In the heifer 
model, the rearing activity is modelled as a separate farming activity (Mourits et al., 1999b). 
The required new-born calves and feed to raise dairy replacements are, therefore, considered 
to be 'purchased' from the dairy and roughage production components, while the full grown 
replacements are considered to be 'sold' to the dairy component. 
Although MfNAS relates to the mineral balance of the complete dairy system, this 
study only considered the mineral flows within the rearing component of the farm. It should 
also be noticed that the nitrogen and phosphate surpluses are determined using an accounting 
relationship rather than a 'true' production function, since the accounting relationship is used 
by the government as a base for taxing Dutch dairy farms. 
In this study the recording of mineral flows is based on the specific mineral account 
system. For the determination of the mineral balance within the rearing activity, the following 
mineral flows are considered; 
- purchase of heifer calf 
- sale or involuntary disposal of (full grown) heifer 
- purchase of feed 
- annual nitrogen correction per heifer 
The mineral amount supplied with the purchase of a new-born calf is based on the 
official fixed rate. The quantities of discharged minerals through sale or disposal of a heifer 
are also based on these official deduction rates (Table 6.3). 
Table 6.3 Official fixed rates to determine the input and output of minerals through dairy cattle 
(Anonymous, 1997). 
Nitrogen (kg) Phosphate (kg) 
Heifer calf 1.3 0.8 
Heifer < 1 yr 7.9 5.2 
Heifer £ lyr and < 2 yr 12.3 8.1 
Heifer S 2 yr 13.3 8.8 
Dairy cow 15^ 2 10.1 
To determine the amounts of nitrogen and phosphate within the formulated rations, 
the heifer feed model is extended with information on the mineral contents of the feeds 
(Table 6.2). Only during the weaning period calves are fed according to a standardised 
feeding pattern. Cumulated over the two weaning months, the standardised ration consisted of 
35 kg of milk replacer, 15 kg of DM concentrates and 6 kg of DM hay, representing a mineral 
input of 1.9 kg of nitrogen and 0.8 kg of phosphate. 
The annual corrections for nitrogen losses per animal are included as a reduction of 
the nitrogen surplus (Table 6.4). Mineral surpluses are taxed based on the levy system of Dfl 
1.50 per kg nitrogen and Dfl 2.50 per kg phosphate. 
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Table 6.4 Annual correction rate of nitrogen surpluses per animal, based on ammonia volatilisation 
(Anonymous, 1997). 
Heifer < 1 yr, kg/yr 
Heifer S 1 yr, kg/yr 
Dairy cow, kg/yr 
9.70 
20.50 
30.00 
Due to the fact that the heifer model only considers the rearing activity of the dairy 
farm, it was not possible to account the mineral excesses for the levy free surpluses per 
hectare of farming land (Table 6.1). The estimated mineral surpluses will therefore have a 
larger impact on the final taxable farm mineral surplus of intensive farms (= high animal 
density per hectare) than on the farm surplus of extensive farms (= low animal density per 
hectare). 
Incorporation of the various MINAS elements did not alter the objective function of 
the heifer model, which is maximization of the total present value of expected net returns per 
heifer place by optimization of the rearing decisions. 
6.2.4 Organisation of calculations 
In this study the MINAS incorporated rearing model as well as the original basic 
heifer rearing model (Mourits et al., 1999a) are used. Both models consist of an optimization 
unit and an evaluation unit. With the evaluation unit it is possible to calculate the economic 
results under a given policy. For instance the MINAS incorporated model can be used to 
evaluate the influence of MTNAS for a situation where the rearing policy is determined 
without the consideration of the MINAS regulation. 
The following three rearing alternatives are modelled and evaluated: 
1) Optimal economic rearing policy and resulting mineral surpluses without the MINAS 
regulation (base scenario). 
In this base scenario optimum rearing policy is determined without the consideration 
of the MINAS legislation. This means that the original version of the heifer rearing model is 
used for the optimization of the rearing decisions. Technical and economic results are 
calculated based on the optimized situation. Furthermore, the economic consequences of the 
application of the optimized policy in a situation with MINAS are determined, using the 
MINAS incorporated rearing model. 
2) Influence of MINAS on the economic optimal rearing policy and resulting mineral 
surpluses (MINAS scenario). 
Optimal rearing policy is determined by the MINAS incorporated rearing model. Feed 
prices are increased according to the levy system of MTNAS to reflect the influence of the 
mineral supply by feed. For instance, grass silage contained per kg of DM 32.3 gram of 
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nitrogen and 9.1 gram of phosphate, representing a levy of Dfl 0.07 per kg of DM. The price 
of 1 kg DM of grass silage therefore increased from Dfl 0.25 to Dfl 0.32 (+28%). The least 
cost rations are formulated by means of these levy included feed prices (Table 6.2), while the 
actual feed costs are determined by the original feed prices (= levy excluded). Technical and 
economic results are determined for the MTNAS situation, while the economic results of the 
optimized policy are also calculated for a situation without the MTNAS regulation. 
3) Influence of least mineral ration formulation on the economic optimal rearing policy and 
resulting mineral surpluses (least mineral scenario). 
In this alternative the heifers are reared on 'least mineral' rations. The objective of the 
ration formulation model is altered from a minimization of costs to a minimization of mineral 
content. The impact factors within the objective function correspond with the weight of the 
mineral levies (i.e., MTN{ 1.5 nitrogen + 2.5 phosphate}). Optimization of the rearing pattern 
occurred without the consideration of the MTNAS regulation, using the original rearing 
model. Technical results are calculated for the optimized situation (i.e. MTNAS excluded), 
while the economic results are determined for a situation with and without MTNAS. 
63 Results 
6.3.1 Optimal rearing policy and mineral surpluses without MINAS regulation (base 
scenario) 
Based on the critical prepubertal rate of 0.9 kg/d and a maximum ADG after 3 cyclic 
months of 0.7 kg/d, the optimal policy resulted in an average optimum calving age of 21.0 
months at an average calving BW (exc. foetal tissue) of 536 kg (Table 6.5). Most of the 
heifers (57.2%) calved between 20 months and 22 months of age. Only 3.2% had a calving 
age of 24 months or more (Table 6.5). Prepubertal heifers reached puberty at an average age 
of 9.8 months at a BW of 288 kg. Breeding commenced 1.6 months later at an average age of 
11.4 months and a BW of 339 kg. 
The optimum rearing pattern of dairy replacements resulted in an average purchase 
per heifer per year of 287 kg DM of concentrates and 1950 kg DM of roughage (Table 6.5). 
Based on the entire DM intake of 3820 kg per full grown heifer, the intake percentages of 
grass, grass silage and concentrates equalled 45.8%, 41.3% and 12.8%, respectively (Figure 
6.1). 
Average discounted rearing cost coincided with Dfl 817 of which 60.8% (Dfl 497) 
was caused by average feed costs for heifers older than 2 months. The expected net returns 
per heifer per year, calculated as an annuity, equalled Dfl 299 (Table 6.5). 
The complete ration resulted into a mineral input of 126.0 kg nitrogen and 37.1 kg 
phosphate per full grown heifer or 72.0 kg nitrogen and 21.2 kg phosphate per heifer per year 
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(Table 6.5). Balancing the mineral supplies (purchase calf and feed) with the mineral 
discharges (sale heifer and nitrogen correction) resulted in a nitrogen surplus of 51.4 kg/yr 
and a phosphate surplus of 17.0 kg/yr (Table 6.5, Figure 6.2). According to the levy system 
of Dfl 1.50/kg nitrogen and Dfl 2.50/kg phosphate, total mineral tax would be equal to Dfl 
209 per full grown heifer or Dfl 120 per heifer per year. Application of the optimized rearing 
pattern in a situation with MTNAS would therefore result in a decrease of the discounted net 
returns to an amount of Dfl 180 per heifer per year (Table 6.5). 
Table 6.5 Technical and economic results per full grown heifer based on the optimal rearing strategy 
within alternative situations ". 
Base scenario MINAS 'Least mineral' 
Technical results 
Calving age (mo) 21.0 21.1 20.7 
Calving age < 20 mo (%) 9.9 12.1 13.5 
Calving age S 20 and < 22 mo (%) 57.2 51.4 63.7 
Calving age S 24 mo (%) 3.2 4.3 2.3 
Calving BW (kg) 536 530 530 
Feed intake per heifer 
Concentrates (kg DM/yr) 287 228 1133 
Roughage (kg DM/yr) 1949 1961 1021 
Nitrogen (kg/yr) 72.0 63.7 46.6 
Phosphate (kg/yr) 21.2 18.9 17.3 
Mineral surplus per heifer 
Nitrogen (kg/yr) 51.4 43.1 26.0 
Phosphate (kg/yr) 17.0 14.7 13.1 
Economic results 
Feed costs b (Dfl/yr) 497 491 647 
Net returns, levy excluded (Dfl/yr) 
Net returns, levy included0 (Dfl/yr) 
299 292 154 
180 190 84 
a In all alternatives the critical prepubertal ADG equalled 0.9 kg/d, while maximum ADG after 
3 cyclic months corresponded with 0.7 kg/d. 
bFeed costs weaning period excluded. 
0 Levy system of Dfl 1.5 per kg nitrogen and Dfl 2.5 per kg phosphate. 
6.3.2 Influence ofMINAS on optimum rearing policy and mineral surpluses (MINAS 
scenario) 
To examine the impact of the MTNAS regulation on the optimum rearing results, the 
optimal rearing policy was determined using the MTNAS incorporated optimization model. 
The least cost rations were formulated by means of levy included feed prices to account for 
the mineral content within the feed rations. The feed costs of the optimized rearing pattern 
were based on the original feed prices (Table 6.2). 
With the standardised prepubertal critical ADG of 0.9 kg/day and a maximum ADG 
after 3 cyclic months of 0.7 kg/d, optimum rearing policy eventuated in an average calving 
age of 21.1 months at an average calving BW of 530 kg (Table 6.5). Average age and BW at 
puberty coincided with 10.0 mo and 288 kg, receptively. Breeding commenced at an average 
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age of 11.4 mo and an average BW of 333 kg. 
Under the optimized rearing policy heifers were fed an average amount of 228 kg DM 
of concentrates and 1961 kg DM of roughage a year. Ration composition differed from the 
one within the base scenario (Figure 6.1). To correct for the excessive amount of protein 
within the winter ration, part of the grass silage component was substituted by maize silage. 
Maize silage contained a more profitable ratio between the costs per unit of energy content 
and the mineral levies than grass silage (Table 6.2). However, the limited content of 
phosphate (Table 6.2) in combination with the estimated phosphorus requirements prevented 
a more drastic substitution of grass silage by maize silage. 
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Figure 6.1 Percentage of feedstuff intake per full grown heifer. 
The optimum feeding pattern involved a mineral intake of 63.7 kg nitrogen and 18.9 
kg phosphate per heifer per year (Table 6.5). Balancing the mineral supplies with the mineral 
discharges resulted in an accounting surplus of 43.1 kg nitrogen and 14.7 kg phosphate per 
heifer per year (Figure 6.2). 
Average feed costs of heifers older than 2 mo equalled Dfl 491 per year (Table 6.5). 
Net returns per heifer per year corresponded with Dfl 190. Application of the optimized 
pattern in a situation without the MENAS regulation would lead to average net returns of Dfl 
292 per heifer per year (Table 6.5). 
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6.3.3 Influence of 'least mineral' ration formulation on rearing policy and mineral 
surpluses (least mineral scenario) 
In this alternative, the objective of the feed model was altered from a minimization of 
costs to a minimization of mineral content. The optimal strategy to raise young stock based 
on these 'least mineral' rations resulted in an average calving age of 20.7 months and an 
average calving BW of 530 kg. Puberty was reached at an average age of 9.8 mo. First 
insemination occurred at an average age and BW of 11.0 mo and 330 kg, respectively. 
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Figure 6.2 Nitrogen and phosphate surpluses per heifer per year according to the optimized 
rearing patterns within the described alternatives. 
Raising a full grown heifer required an average amount of 1133 kg DM/yr of 
concentrates and 1021 kg DM/yr of roughage (Table 6.5). Under minimization of mineral 
contents, ration composition was completely different from the composition in the base 
scenario. Heifers were no longer pastured during the summer. A ration of hay and straw 
(4%), grass silage (11%), maize silage (33%), and in particular concentrates (53%) (Figure 
6.1) was preferred to a ration of primarily fresh grass, due to a more favourable ratio between 
the energy content and mineral contents. In the ration formulation the energy requirements 
were, generally, more restricting than the protein requirements. The relation between the 
protein and the mineral contents within the ration was therefore of minor importance. 
The ration provided the required amounts of energy, protein and phosphorus, while 
Umiting the mineral intake. The mineral content per unit of energy was lowest for maize 
silage. The phosphorus supply of only maize silage was, however, insufficient to meet the 
phosphorus requirement at an appropriate level. Consequently a large portion of the ration 
consisted of concentrates to provide the required amounts of energy and phosphorus at the 
lowest increase in nitrogen. Grass silage, straw and hay were included to provide the 
minimum required amount of structure within the ration. 
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Relaxation of the phosphorus requirement would reduce the percentage of 
concentrates in the ration to a minimum of 14%, while the percentage of maize silage would 
increase to a maximum of 63%. 
Feed intake eventuated in a mineral input of 46.6 kg nitrogen and 17.3 kg phosphate 
per heifer per year (Table 6.5). Balancing the mineral flows resulted in a nitrogen surplus of 
26.0 kg/yr and a phosphate surplus of 13.1 kg/yr (Table 6.5, Figure 6.2). 
Feed costs per heifer per year increased from Dfl 497 in the base scenario to Dfl 647. 
Due to the use of more expensive feeds net returns decreased to Dfl 154 per heifer per year. 
In a situation with M T N A S , net returns after mineral tax deduction reduced to Dfl 84 per 
heifer per year (Table 6.5). 
6.4 Discussion 
Nutrient utilisation becomes more and more an important aspect within the dairy farm 
management system. Due to interactions with technical and economic aspects, the complexity 
in farm management increases. Farmers need insight into the relations between the various 
management units to determine their most optimum farming strategy. 
The objectives of this study were to determine the effect of the heifer rearing unit on 
the mineral flow of a dairy farm and to study the sensitivity of the optimal rearing strategy for 
environmental measures as MINAS and the use of least mineral rations. 
The optimal rearing policy within the base scenario resulted in an accounting mineral 
surplus per heifer per year of 51.4 kg nitrogen and 17.0 kg phosphate. For a typical Dutch 
dairy farm with an average cultivated area of 24 ha grassland and 6 ha arable land, these 
mineral losses correspond with 1.7 kg/ha on nitrogen and 0.6 kg/ha on phosphate. Based on 
the average mineral surpluses on a dairy farm of 1993 (viz. 388 kg nitrogen/ha and 57 kg 
phosphate/ha (Mandersloot et al., 1995)) and an animal density of 2.5 LU, the taxable farm 
mineral surplus would approximately be equal to 98 kg nitrogen/ha and 17 kg phosphate/ha. 
The impact of a reduction in the number of heifers by one would then eventuate in a decrease 
of the farm nitrogen and phosphate surpluses of less than 2% and 4%, respectively. 
However the interpretation of these results needs some further consideration. As 
mentioned earlier the average Dutch dairy farm consists of the 3 interdependent activities: 
roughage production, heifer rearing, and dairy cow management. In the rearing models, the 
rearing activity is considered as a separate farming activity. Interactions with the other 2 
activities are left unnoticed. Nevertheless, the interaction between the rearing unit and the 
roughage production unit plays an important role when the calculated mineral surpluses per 
heifer are related to the farm mineral surpluses. The calculated surpluses per heifer reflect the 
situation in which all the roughage is purchased. In practice heifers are fed with roughage that 
is produced at the same farm. The production of roughage requires a larger mineral input than 
is assimilated by its products (e.g. grass, grass silage). Heifer rearing as an interdependent 
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component of the dairy farm will therefore result in higher mineral surpluses per heifer. 
On the other hand, the calculated surpluses per heifer are somewhat overestimated due 
to the fact that part of the mineral surpluses (in the form of manure) can be used for the 
fertilisation of the land. This recycling of minerals reduces the purchase of fertilisers and 
therefore the mineral input, resulting in lower surpluses per heifer. 
The influence of these two aspects on the mineral surplus per heifer decreases with 
increasing intensity of the farms. Due to a higher animal density per ha, intensive farms 
achieve a higher animal production per ha than extensive farms. This higher production can 
only be realised by a higher purchase of feed. Furthermore, the mineral surpluses through 
manure are higher, resulting in higher mineral losses per ha. For instance, in the research of 
Aarts et al. (1988) total nitrogen input on intensive farms turned out to be 250-285 kg/ha 
higher than on extensive farms, while the mineral output was only 40-60 kg/ha higher. In the 
present study all feed is considered to be purchased, while all manure is considered as an 
excess of minerals. The modelled rearing system can therefore be regarded as a reflection of 
the rearing situation on intensive farms. 
Based on the results of this study it is expected that a decrease of the number of young 
stock will only result in a substantial reduction of the accounting mineral losses on a dairy 
farm if it involves a large number of heifers. Nevertheless, restriction of the young stock is 
limited due to the fact that a minimum amount of replacement heifers is required to maintain 
the milking herd size. 
The optimal rearing strategy, in the sense of growth rate and breeding decisions, was 
only slightly influenced by measures as MINAS or the use of least mineral rations (Table 
6.5). Nevertheless, the effect of these measures on the ration composition was considerable 
(Figure 6.1). 
In the MINAS alternative, feed price, energy content, mineral levy and mineral 
content were determinative for the least cost ration formulation. Generally, protein content 
was of minor importance due to the fact that the energy requirements were more restricting 
than the protein requirements. Per unit of energy the levy included feed price of grass silage 
was no longer lower than the levy included price of maize silage. As a consequence the 
portion of grass silage was for 39% replaced by maize silage. Further replacement was 
limited due to the low phosphorus content of maize silage. Grass remained the least 
expensive provider of energy even after inclusion of the mineral levies. 
Compared with the base results, the optimum policy and ration within the MTNAS 
alternative had only a slight impact on the levy free economic results. Net returns for a 
production system without MTNAS were just Dfl 7 lower (- 2%) (Table 6.5). On the other 
hand the accounting mineral surpluses of nitrogen and phosphate were decreased with, 
respectively, 16% and 14% (Figure 6.2). In a production system with MTNAS the optimal 
policy of the MTNAS alternative resulted therefore in 6% higher net returns than the base 
scenario (Table 6.5). 
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In the alternative of mineral minimization, the ration formulation depended on the 
relation between energy and mineral content. The mineral content per unit of required energy 
and phosphorus was lowest for a ration that consisted of mainly concentrates and maize 
silage, explaining the increase in the intake of these more expensive feeds (feed costs + 30%). 
The surpluses of nitrogen and phosphate were considerable reduced with, respectively, 49% 
and 23% (Table 6.5). Once again, the reductions in mineral surpluses underlined the 
significant impact of ration alterations on the mineral balance. Inclusion of other (mineral-
low) feeds, beside the traditional feeds as mentioned in Table 6.2, could lower the increase in 
feed costs associated with these reductions. It should, however, be noticed that most Dutch 
farmers produce their own roughage (grass, grass silage and maize silage). Purchase of other 
feeds will therefore need to match with this production. 
6.5 Conclusion 
The optimal rearing strategy was not sensitive for measures as the MINAS regulation 
or the use of least mineral rations. 
Based on the results, a reduction of farm mineral surpluses by a decrease in number of 
heifers is limited due to its relative small impact on mineral losses per hectare. Furthermore, 
the decrease in the amount of young stock is restricted due to the minimum amount of dairy 
replacements required to maintain the milking herd size. For a more effective reduction of 
farm mineral losses, other options as adaptation of general feed ration and reduction of 
nitrogen fertilisation on grassland (Korevaar, 1992; Teenstra, 1997) should be considered. On 
a farm scale a combination of all measures will be necessary to meet the targets for the 
nutrient losses set by the Dutch government. 
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Chapter 7 
Optimization of Dairy Heifer Management Decisions based on 
Production Conditions of Pennsylvania1 
Abstract 
A dynamic programming model was used to determine the optimum rearing decisions 
of dairy replacements. Heifers were described in the model by age, season, body weight 
(BW), pregnancy state and prepubertal growth rate. Prices and parameters were chosen to 
represent the dairy population of Pennsylvania. Monthly costs and revenues were calculated 
from calf value, feed costs, veterinary costs, semen costs, carcass value and full grown heifer 
value. The model considered a stochastic variation in the onset of puberty, conception, 
involuntary disposal and a seasonal variation in the prices of calves, heifers and feed. 
Based on a critical prepubertal average daily gain (ADG) of 0.9 kg/d and a maximum 
achievable postpubertal ADG of 1.1 kg/d, optimum policy resulted in an average age at first 
calving of 20.5 months at a body weight of 563 kg. Discounted net returns equalled $107 per 
heifer per year. The optimum rearing policy was not sensitive to seasonal variation in prices. 
Nevertheless, the economic results per season of birth varied considerably; highest income 
per heifer was obtained from heifers born in December ($142/yr) whereas those born in May 
yielded the lowest ($100/yr). 
Sensitivity analyses demonstrated a considerable influence of growth rate restrictions 
and variation in reproductive performance on both the optimal rearing policy as the economic 
results. 
7.1 Introduction 
In general, most investigators agree that the average age of dairy heifers at first 
calving should be 24 months or lower (Heinrichs and Vazquez-Anon, 1993; Hoffman and 
Funk, 1992). In 1994 the average age at first calving for Pennsylvania Holsteins on DHI was 
25.9 months, as compared to 26.9 months in 1985. Although it is still above the 
recommended calving age, average calving age has tremendously improved during the last 10 
years (Heinrichs, 1996). 
Paper by Mourits, M.C.M., Galligan, D.T., Dijkhuizen, A.A., Huirne, R.B.M. 
submitted for publication to Journal of Dairy Science. 
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Historical research efforts have been designed under the hypothesis that a single 
optimal age at first calving exists. While this assumption might be true for a given specific set 
of conditions, a more global approach would be to understand the underlying dynamic 
economic aspects of the process itself. A specified distribution of ages at calving might offer 
greater economic reward than maintaining a mean age of first calving. 
A farmer exercises control over his rearing unit in two main areas: a nutritional plane 
of growth and insemination age. These two management controls interact with biological 
aspects of growth, thereby influencing future profitability of the dairy heifer (Hoffman and 
Funk, 1992). A thorough understanding of these biological interactions is still lacking. A 
model representing heifer management decisions and their potential impacts will, therefore, 
be a suitable alternative for the evaluation of the technical and economic consequences of 
various rearing strategies. 
Mourits et al. (1999b) presented a stochastic dynamic programming model to optimize 
the dairy heifer rearing strategy under Dutch circumstances. Net returns per heifer place per 
year and optimum calving age and weight were tested for sensitivity to changes in model 
parameters (Mourits et al., 1999a). Results showed that optimal rearing policy was mainly 
sensitive to changes in production parameters, whereas the influences of changes in price 
parameters were negligible. 
Dutch dairy production systems differ considerably from those in the US in relatively 
higher beef prices, milk prices and feed costs. Feeding regimens and management systems 
differ as well; within the Dutch production system fresh feeds (pasturing) are used more 
extensively and total mixed rations less. 
The objective of this study was to adapt the rearing model of Mourits et al. (1999a; 
1999b) to rearing conditions of the US (Pennsylvania: PA). Application of the adapted model 
is demonstrated by evaluating a basic situation for a typical PA dairy herd. Furthermore, 
sensitivity analyses were carried out to provide information on the sensitivity of optimum 
rearing policy to changes in production variables as growth rate restrictions and reproductive 
performance. 
7 2 Materials and methods 
7.2.1 Heifer rearing model 
In the stochastic dynamic optimization model of Mourits et al. (1999b; Chapter 4) 
heifer rearing is modelled as a separate farming activity. Optimization starts with newborn 
calves and ends with full-grown heifers to be sold at market prices. The heifer rearing model 
is set up to make monthly rearing decisions that would lead to the maximum expected present 
value of net returns per heifer place. For a detailed description of the dynamic optimization 
model and its variables, references are made to Mourits et al. (1999b). 
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In order to represent the Pennsylvania (PA) dairy population, the model parameters 
are adjusted to the PA production circumstances. For the determination of general 
management input factors (i.e., average age at weaning) Pennsylvania data from the US 
National Animal Health Monitoring System (NAHMS) 1991-1992 National Dairy Heifer 
Evaluation Project (NDHEP) are used (US Department of Agriculture et al., 1993; 1994). 
Details on the objectives and design of the NDHEP have been published by Heinrichs et al. 
(1994). Prices within the PA model are mainly based on data from the Pennsylvania 
Agricultural Statistics Service (1997a, 1997b) and the Livestock Reporter (1996-1997). 
7.2.2 Stages, states, decisions and transitions 
In the PA heifer rearing model a fixed weaning period is considered, resulting in 
weaned calves at an age of 2 months and a BW of 75 kg. Optimization of the monthly 
decisions therefore starts when the calves are at the age of 2 months. Maximum duration of 
the rearing period is set at 30 months, resulting in 29 decision stages (2 mo, 3 mo,.., 30 mo). 
Within the model, the state of a heifer is described by the state variables age (29 classes), 
season (12 classes), BW (173 classes), reproduction state (32 classes), and maximum 
prepubertal growth rate (3 classes). Season is considered due to its effects on prices of feed, 
milk, meat and calves and on the expected milk production, which can substantially influence 
the economic results. Body Weight (BW) is the main variable, as it determines the onset of 
puberty, and influences feed costs, slaughter value, expected milk production and market 
price. The reproductive state describes the various prepubertal, cyclic and pregnancy states, 
while the maximum prepubertal growth rate variable is included to estimate the influence of 
the prepubertal ADG on the future milk production ability (Mounts et al., 1999b). In this 
study a prepubertal growth rate beyond the 0.9 kg per day is assumed to have a negative 
influence on the future production ability of the heifer. 
The model optimizes decisions with respect to growth rate, insemination and 
replacement. The growth rate decision is split up into 5 levels of growth rate, viz., 0.3, 0.5, 
0.7, 0.9, and 1.1 kg/d. The last four growth rate decisions can be made for all heifers with a 
reproduction state of less than 7 months pregnancy. During the last 2 months of pregnancy it 
is assumed that the only possible growth rate equals 0.3 kg/d. msemination is defined as 
possible during the cyclic reproduction states, until 22 months of age. Heifers that fail to 
conceive after 6 cyclic months are replaced. The decision to replace results in an immediate 
replacement at the beginning of the month. Heifers that were 9 months pregnant are 
automatically replaced (i.e., sold to the dairy herd). 
Stochastic elements within the model include onset of puberty, conception and 
involuntary disposal. The probability distribution of puberty over the BW classes is the same 
as the one used in the Dutch version (Mourits et al., 1999b), described by an average BW of 
276 kg and a variation coefficient of 10%. 
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The marginal probabilities of conception during each cyclic month are determined by 
the product of the percentage of oestrus detected, the marginal conception rate per service, 
and number of oestrus per month (Mourits et al., 1999b). In the PA version, oestrus detection 
rate equals 50% (Radostits et al., 1994), while the conception rates are set at 35% for the first 
oestrous cycle, at 40% for the second oestrus, and at 50% for all subsequent oestrous cycles. 
According to the NDHEP results of 1991-1992 (US Department of Agriculture et al., 
1994), 6.8% of the heifer calves within the Northwest region died before weaning, and 2.2% 
between weaning and calving. Based on these average percentages the probability of 
involuntary disposal during the weaning period is defined at 6%, while the postweaning 
probabilities of involuntary disposal per month of age are specified at 0.33, 0.22, and 0.11% 
for, respectively, months 2 to 4 and at 0.08% for higher months. 
7.2.3 Economic components 
Base price and parameters used in the model to represent the dairy production 
circumstances of PA, are shown in Table 7.1. 
Table 7.1 Base prices and other parameters used to determine the optimum rearing policy within a 
Pennsylvania dairy production system. 
Costs 
Heifer calf *,$ 114 
Weaning period b , $ 99 
Veterinary costs, $/mo 
age 2 - 5 mo 8 
age 6 - 12 mo 6 
age 13 - 30 mo 5 
Insemination, $ 12 
Feed, (see Table 2) 
Revenues 
Market value standard heifer $ 1065 
Milk price corrected for feed costs c, $/kg 0.26 
Value slaughter cow d , $/kg 0.69 
Characteristics standard heifer 
Critical prepubertal rate, kg/d 0.9 
Body weight at calving c 4, kg 525 
305-d milk productione, kg 6800 
Others 
Annual real interest rate, % 4 
Source 
" Livestock Reporter (1996-1997). 
b Heinrichs (1996). 
Pennsylvania Agricultural Statistics Service (1997a). 
d Pennsylvania Agricultural Statistics Service (1997b). 
e Heinrichsand Vazquez-Anon (1993). 
f US Department of Agriculture etal. (1993). 
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- Costs 
The costs within the model include the costs of heifer calves, insemination, veterinary 
treatment and feed costs. The basic price of $ 114 per heifer calf is based on the average 
market price for Holstein heifer calves in PA within the BW range of 39 till 55 kg (Livestock 
Reporter, 1996-1997). Due to seasonal variation, calf costs varied from $ 78 for calves born 
in July to $ 133 for calves born in May, as represented by Figure 7.1. 
The variable costs of the weaning period are set at $99 per heifer, while insemination 
costs equal $12. Veterinary costs vary from $8 per month during the first six months of 
rearing, to $5 per month during the second year of rearing. 
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Figure 7.1 Seasonal influence on prices of calves and replacement heifers expressed as deviation from the 
mean (i.e., calf $ 114, heifer $ 1065). Monthly deviations estimated from weekly prices in 
period 1996 till 1998 (Livestock Reporter, 1996-1997). 
Feed costs represent the largest cost associated with heifer rearing. In the PA heifer 
rearing model, monthly least cost rations are formulated with the CPM-dairy system (CPM) 
(Champa et al., 1997). Dietary nutrient requirements are calculated as energy and protein 
requirements specified by CPM according to season, BW, growth, and gestation. The mean 
of the initial and final weight of each month is used to calculate the average energy and 
protein requirements per month of age. Based on the included feed dictionary (Table 7.2) the 
CPM model balances the provision of nutrients in the diet against the requirements of the 
animal. Environmental factors such as temperature, hair depth and night cooling (Table 7.3), 
are defined per season to account for the environmental influence on maintenance 
requirements and dry matter intake (Fox et al., 1992; O'Connor et al., 1993). Seasonal 
variation in prices of feed is only considered for the generally applied ingredients, i.e., corn 
grain and soybean meal (Table 7.2). 
The costs of housing and labour are considered to be fixed and are therefore not 
included within the model calculations. 
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Table 7.2 Price and chemical composition of feed used within the CPM least cost ration formulation. 
Alfalfa hay Alfalfa silage Grass hay Oat straw Corn silage Corn grain Soybean meal Blood meal Urea Mineral/vitamin 
Cost, $/1000 kg 124.9 33.1 109.4 57.0 29.7 104.4 8 396.8 b 374.8 275.6 330.7 
DM,% 90.0 35.0 89.0 92.0 33.0 88.0 90.0 90.0 99.0 95.0 
CP, % of DM 17.0 17.0 10.0 4.4 9.2 9.8 55.0 93.0 281.0 0.0 
Soluble CP, % of CP 35.0 50.0 25.0 20.0 53.0 11.0 22.0 3.7 100.0 0.0 
NDF, % of DM 46.0 46.0 67.0 74.4 45.0 9.0 8.0 37.8 0.0 0.0 
eNDF, % of NDF 90.0 85.0 98.0 98.0 75.0 5.0 23.0 0.0 0.0 0.0 
Lignin, % of DM 20.0 20.0 7.5 7.5 3.9 2.2 2.5 0.0 0.0 0.0 
Ash, % of DM 10.0 10.0 6.3 6.3 4.0 1.6 1.0 2.6 0.0 100.0 
Average prices based on the weekly commodity prices of corn and soybean, recorded by the MRI's Daily Market Service in the period Oct 1996 till Oct 1997 
(MRI's Daily Market Service, 1998 personal communication). 
8 Values per season ($/1000 kg): 103.6 (Jan-Mar), 107.6 (Apr-Jun), 105.8 (Jul-Sep), 100.7 (Oct-Dec). 
b Values per season ($/1000 kg): 393.8 (Jan-Mar), 408.8 (Apr-Jun), 402.0 (Jul-Sep), 382.7 (Oct-Dec). 
Table 7.3 Environmental factors per season. 
Jan - Mar 
Apr- Jun 
Jul - Sep 
Oct - Dec 
Temperature" (F) 
35.3 
62.3 
73.5 
46.1 
Hair depth (cm) 
1.3 
0.9 
0.5 
0.9 
Night cooling 
no 
no 
yes 
no 
Temperature reflects the average seasonal temperature based on the temperature measured in Philadelphia 
during the period of 1961-1990 (National Oceanic and Atmospheric Administration, 1998). 
The market value of full grown heifers is estimated relatively to a predefined standard 
heifer by a system of premiums (Mounts et al., 1999b). For the definition of a standard 
heifer, the characteristics of an average PA heifer are used (Table 7.1). The premiums are 
based on, the calving season because of its influence on production and prices (Mourits et al., 
1997), the BW at calving due to its relation with milk production (Hoffman and Funk, 1992; 
Van Amburgh and Galton, 1994), and the prepubertal ADG for its expected impact on future 
production (Foldager and Sejrsen, 1987). 
The market price of an average Holstein replacement heifer equals $ 1065 (Livestock 
Reporter, 1996-1997). The premium of calving season is based on the seasonal differences in 
market price (Figure 7.1). Highest market price is achieved in October ($1138), and the 
lowest price in February ($1011). 
Pennsylvania DHI first lactation data of 1990 demonstrated an average BW at calving 
of 513 kg (Heinrichs and Vazquez-Anon, 1993), while the results of NDHEP (US 
Department of Agriculture et al., 1993) reported an average BW of 530 kg for Holstein 
heifers at an age of 24 months. Standard BW at calving is therefore determined at an average 
of 525 kg (Table 7.1). In the model, heifers with a BW of 1 kg above (or below) the standard 
weight of 525 kg are expected to produce 0.1% more (or less) than the predefined standard 
milk production. This relation is defined linear for BWs < 570 kg (Mourits et al., 1999b). 
In this study, prepubertal growth rates beyond the critical prepubertal rate of 0.9 kg 
per day have a negative influence on the future production ability of the heifer. For instance, 
a maximum prepubertal rate of 1.1 kg/d is expected to depress the milk production ability by 
4.9% (Mourits et al., 1999b). 
The premiums reflecting the impact of BW at calving and the influence of maximum 
prepubertal growth rate are determined by the difference between the expected milk 
production and the standard production (=6800 kg (Table 7.1)) multiplied by the milk price 
corrected for feed costs (= $0.26/kg (Table 7.1)). For instance a heifer with a calving weight 
of 550 kg has an expected production of 6800 kg * (1 + 0.001 kg milk/kg BW * (550 kg - 525 
kg)) = 6970 kg. If the maximum prepubertal rearing rate corcesponded with 1.1 kg/d, future 
production ability will be depressed by 4.9 % . Hence, the premium of expected future milk 
production is equal to (0.951 * 6970 kg - 6800 kg) * $ 0.26/kg = - $45. Subsequently, with 
- Revenues 
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February as calving month, the market value of the heifer will correspond with $1011 - $45 = 
$966. 
The market value of heifers less than 9 months pregnant is set equal to the slaughter 
value (Table 7.1). No reward is considered when heifers are culled involuntarily. 
- Others 
The model accounts for time preference of costs and revenues by using a real annual 
interest rate of 4%. 
7.3 Results 
7.3.1 Basic situation: Economic and technical results 
Based on the described input variables, the heifer rearing model yields optimum 
decisions for all possible states of a heifer. Table 7.4 shows the average farm results after 
applying these decisions. 
Table 7.4 Average rearing results per alternative. 
Basic" Pre" Post0 
Average age at puberty, mo 9.8 11.9 9.8 
Average calving age, mo 20.5 22.6 20.6 
Average calving weight, kg 563 563 519 
% culled involuntarily 1.8 2.1 1.8 
% reared as dairy replacements 88.0 87.8 87.7 
% sold as slaughter cows 10.2 10.1 10.5 
Discounted net returns, $/yr per heifer 125 91 81 
Discounted rearing costs, $/yr per heifer 462 438 464 
Discounted feed costs, $/yr per heifer 239 230 242 
Alternatives 
" Basic : critical prepubertal rate 0.9 kg/d, maximum rate postpubertal 1.1 kg/d. 
b Pre : critical prepubertal rate 0.7 kg/d, maximum postpubertal rate 1.1 kg/d. 
c Post : critical prepubertal rate 0.9 kg/d, maximum postpubertal rate 0.7 kg/d. 
The optimal rearing policy resulted in an average calving age of 20.5 mo at an average 
BW of 563 kg. Figure 7.2 displays the distribution of age at calving. Under the optimal 
strategy 60.2% of the heifers calved between the age of 19 and 22 months. Only 6.0% had a 
calving age of equal to or older than 24 months. 
Most heifers were reared as full-grown dairy replacements (88.0%). Nevertheless, 
10.2% of the postweaned heifers were sold as slaughter cows due to insufficient 
reproduction, i.e., heifers still open after 6 cyclic months. Only 1.8% of the postweaned 
heifers were involuntarily culled (Table 7.4). 
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Figure 7.2 Distribution of calving age at various oestrus detection rates. 
Under the optimum rearing policy prepubertal heifers were reared at an average daily 
gain (ADG) of 0.88 kg/d, resulting in an average age at puberty of 9.8 mo at a BW of 288 kg. 
Insemination commenced immediately after the onset of puberty. During the second year, 
heifers were reared at higher levels (0.97 kg/d on average) to achieve the optimum calving 
weight, ending with the predefined 0.3 kg/d growth during the last two months of gestation. 
The optimum rearing pattern of dairy replacements resulted in an average DM intake 
per weaned heifer per year of 3276 kg. Average DM intake mainly consisted of corn silage 
(51.7%), alfalfa silage (21.4%) and oat straw (20.3%). Figure 7.3 displays the composition of 
the formulated rations over time. The formation of the rations varied with age, due to the 
development of the ruminal system and altered nutritional requirements. The percentage of 
corn silage within the DM intake increased from 13.2% during the interval of 2 to 4 months 
of age to 65.6% within the age period of 14 to 16 months. The contributions of alfalfa silage 
and corn grain displayed an opposite alteration; over the same period of time, the percentages 
of alfalfa silage and corn grain decreased from 41.4% and 18.3% to 14.8% and 1.4%, 
respectively. The strong alteration of the ration composition during the last rearing months 
resulted from the increased nutritional requirements during the last months of pregnancy. 
Average discounted rearing costs were $462 per heifer per year of which $239 
(51.7%) was caused by the average feed costs of weaned heifers. The expected net returns per 
heifer per year, calculated as an annuity, equalled $125 (Table 7.4). 
Optimal rearing policy was not sensitive to season of birth, despite the seasonal 
differences in prices of calves, feed, and dairy replacements. Under the same optimum policy, 
discounted rearing costs were highest for birth month May ($474/yr) and lowest for birth 
month July ($438/yr). Seasonal differences in discounted feed costs were negligible; 
maximum difference between birth months was only $1 per heifer per year. Highest income 
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per heifer was obtained from heifers born in December ($142) whereas those born in May 
yielded the lowest ($100), implying a difference of $42/yr. 
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Figure 7.3 Ration composition by period of age 
7.3.2 Influence of growth rate restrictions 
- Prepubertal growth rate 
High levels of feeding resulting in high prepubertal growth rates can cause severe 
reduction of the milk production potential. This has been demonstrated in many experiments 
(Kertz et al., 1987; Sejrsen and Purup; 1997, Van Amburgh and Galton, 1994; Waldo et al., 
1989). In the PA heifer model the future milk production ability is depressed when the 
rearing rate during the prepubertal period exceeds 0.9 kg/d. This assumption corresponds 
with the results of Kertz et al. (1987) and Van Amburgh and Galton, (1994). However, 
Sejrsen and Purup (1997) and Waldo et al. (1989) concluded that the critical upper limit of 
the prepubertal gain rate in large dairy breeds is already reached at a growth rate of 0.7 kg/d. 
This controversy demonstrates the incompleteness of our knowledge on the effect of nutrition 
on the future milk production potential of heifers (Mourits et al., 1999b). 
To study the impact of a lower critical prepubertal growth rate, optimum policy was 
determined for the alternative situation in which the critical prepubertal rate was defined at a 
level of 0.7 kg/d. Optimum rearing decisions resulted in an average age at puberty of 11.9 
mo. Average calving age increased from 20.5 mo in the basic situation to 22.6 mo. The 
percentage of heifers with a calving age of 24 months or more increased to 30.6%. 
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Compared with the economic results in the basic situation, average rearing costs were 
$24 per heifer per year lower. However, annual revenues were also decreased, resulting in 
reduced net returns of $91 per heifer per year. 
- Postpubertal growth rate 
BW gain can be divided into an increase in structural tissue and in fat deposition. 
Structural growth starts slowly, reaches a maximum at puberty and slows down thereafter 
(Judge et a., 1989). Besides an increase in fat deposition with developmental stage, higher 
energy diets also result in a proportionariy higher fat deposition. Faced with a lack of 
information on the composition of BW gain, formulation of the least cost rations within the 
model is based on the assumption of an average body condition score. Uncertain is to what 
extent this assumption can be extrapolated to a postpubertal growth pattern with growth rates 
of more than 0.8 kg/d. 
To demonstrate the impact of a more moderate growth during the postpubertal period, 
ADG was limited after 3 reproductive (cyclic) months to a maximum of 0.7 kg/d. Under such 
a gain restriction, optimal rearing decisions resulted in an average age of 20.6 mo at an 
average BW of 519 kg. Average rearing period was not extended, despite the limited 
postpubertal growth. As a consequence BW at calving was 44 kg lower than in the basic 
situation and discounted net returns per year were reduced by $44 per heifer per year. 
7.3.3 Influence of reproductive performance 
- Oestrus detection rate 
Within the basic situation, a strikingly high percentage of heifers were culled due to 
insufficient reproduction (10.2%). To investigate the influence of reproductive performance, 
oestrus detection rate was varied 50% relative to the level in the basic situation. Results 
obtained from this analysis are summarised in Table 7.5 and Figure 7.2. 
The optimum policy based on an improved oestrus detection rate of 75% resulted in 
an average calving age of 20.1 mo at a BW of 560 kg. As reflected by Figure 7.2, the 
skewness toward older calving ages decreased in comparison to the distribution of calving 
age in the basic situation. The percentage of heifers replaced for insufficient reproduction 
reduced to 2.5%. Discounted net returns per heifer per year were therefore $39 higher than in 
the basic situation. 
In the situation with the decreased detection rate of 25%, optimum policy resulted in 
an average calving age of 21.0 mo at a BW of 569 kg (Table 7.5). Due to the lower detection 
rate, skewness toward older calving ages increased (Figure 7.2). Within the period of 6 cyclic 
months, 34.1% of the heifers were unable to conceive and were therefore replaced. This high 
percentage of premature replacement resulted in a shorter average raising period per heifer, 
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explaining the somewhat reduced percentage of involuntarily culling (Table 7.5). Net returns 
were decreased to an amount of $29 per heifer per year. 
Table 7.5 Average rearing results per reproductive alternative. 
Basic* Det75b Det25° Season"1 
Average age at puberty, mo 9.8 9.8 9.8 9.8 
Average calving age, mo 20.5 20.1 21.0 20.5 
Average calving weight, kg 563 560 569 564 
% involuntarily culled 1.8 1.9 1.8 1.9 
% reared as dairy replacements 88.0 95.6 64.1 87.8 
% sold as slaughter cows 10.2 2.5 34.1 10.3 
Discounted net returns, 
$/yr per heifer 125 164 29 126 
Alternatives 
a Basic : detection rate 50%, no seasonal variation in reproductive performance. 
b Det75 : detection rate 75%, no seasonal variation in reproductive performance. 
c Det25 : detection rate 25%, no seasonal variation in reproductive performance. 
d Season : detection rate 50%, seasonal variation in reproductive performance. 
- Seasonal influence on reproductive performance 
Climatic conditions as high temperature and humidity have a negative impact on 
reproductive performance (Hansen et al., 1992). In this study, however, reproductive 
performance is assumed to be independent of seasonal influences, due to insufficient 
information on the seasonal variation in detection rate and conception rates. This partly 
explains the insensitivity of the optimum policy for season of birth in the basic situation. 
To study the influence of seasonal variation in reproductive performance, 4 
multiplicative adjustment factors were defined to reflect the average seasonal influence on 
detection rate and conception rates. These adjustment factors represented the months January 
through March, April through June, July through September and October through December 
and were set at, respectively, 1.2,1.0,0.8, and 1.0. 
Inclusion of seasonal variation in reproductive performance resulted in an average 
calving age of 20.5 mo (Table 7.5). Per season of birth average calving age varied from 20.3 
to 20.8 mo, implying a maximum difference of only two weeks. Distribution of age at 
puberty per season of birth was identical for all heifers. This result demonstrated that it was 
not profitable to extend the prepubertal period to prevent insemination during a less 
reproductive season. 
The percentage of heifers replaced due to insufficient reproduction was highest for 
heifers born in July (13.4%) and lowest for heifers born in January (7.5%). Average net 
returns per heifer per year equalled $126 and varied per season of birth from $101 for heifers 
born in May to $152 for heifers born in January. 
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7.4 Discussion 
7.4.1 Results PA study 
Based on the optimization results it can be generally concluded that the optimal 
rearing patterns profited from limiting the prepubertal ADG to the level of the critical 
prepubertal ADG by preventing a decrease in future milk production capacity. The 
prepubertal phase was followed by a post pubertal compensatory feeding regime designed to 
capitalise on the positive effects of a heavier calving B W on productivity. However, litde 
information is available on how compensatory feeding regimens alter BW gain composition 
(Hoffman and Funk, 1992). Further research on nutrient requirements for heifers with rapid 
rates of gain is, therefore, needed before recommending calving ages less than 22 mo. 
Faced with the lack of exact information on the fundamental elements of heifer 
rearing, the heifer rearing model is a suitable alternative to evaluate the technical and 
economic consequences of various rearing strategies by means of sensitivity analyses. 
In this study, sensitivity analyses were carried out to demonstrate the extent to which 
the optimum policy and economic results are influenced by limitations in growth levels. 
Defining the critical prepubertal ADG at 0.7 kg/d instead of 0.9 kg/d resulted in an increased 
average age at puberty and therefore indirectly in an increased age at calving. Within the 
optimal rearing policy, the maximum prepubertal growth rate did not exceed the critical rate 
of 0.7 kg/d, demonstrating the significance of the expected negative impact of higher 
prepubertal growth levels. Higher levels would have reduced the rearing period and therefore 
the rearing costs, but these savings would not have compensated for the expected reduction in 
milk production. Compared to the results in the basic situation, the increase in rearing period 
of 2.1 mo resulted in a reduction in net returns of $34 per heifer per year (Table 7.4), i.e., $16 
per month of increase in rearing period. 
Heavier heifers potentially have higher milk revenues due to the positive relation 
between BW and first lactation. Therefore, an extension in rearing period by a delay in 
insemination could be profitable when postpuberal growth is limited (Mourits et al., 1999a). 
In this study, however, results of the restricted postpubertal ADG alternative indicated that 
the influence of BW on first lactation was of minor economic importance (Table 7.5). Despite 
the restriction, average rearing period was comparable to the one within the basic situation, 
resulting in a 44 kg lower average BW at calving. Consequently, average net returns reduced 
by $ 44 per heifer per year. 
Differences in the economic results obtained by the sensitivity analyses on oestrus 
detection rate emphasised the significance of an accurate heat detection system (Table 7.5). 
Variation in the oestrus detection rate from 75% to 50% and from 50% to 25% demonstrated 
a reduction in net returns of $39 and $96 per heifer per year, respectively. Nevertheless, 
despite the alteration in detection rate average calving age remained within the range of 20 to 
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21 months. Variation in average calving weight was even less; maximum difference in 
average BW equalled 9 kg (Table 7.5). These results demonstrate that the economic 
efficiency of a rearing policy can not be measured solely on characteristics as average calving 
age and average calving weight. Parameters describing the distribution of age at calving and 
the number of involuntarily and voluntarily replaced animals provide more relevant 
information. 
7.4.2 Comparison PA - Dutch model study and results 
In the study of Mourits et al. (1999a; 1999b) the parameters of the model represented 
the Dutch Black and White dairy population (>90% Holstein). In order to represent the PA 
dairy systems, these model parameters were adjusted to represent the PA production 
circumstances (>90% Holstein). This especially concerned the economic variables, whereas 
most of the biological characteristics remained valid. 
The optimized rearing patterns within this study corresponded with the average results 
of the Dutch study (Mourits et al., 1999a). Prepubertal growth rates below the critical rates 
were followed by highest rates achievable without detrimental effects. 
A striking difference between the results of both studies was the seasonal influence on 
optimal policy. In this PA study the seasonal influence on optimum policy was negligible. 
Under Dutch rearing conditions optimum policy per month of birth considerably differed due 
to seasonal influence on prices and production. For instance under the assumption of a critical 
prepubertal rate of 0.9 kg/d and a restricted postpubertal rate of 0.7 kg/d, average calving age 
per month of birth varied from 20.4 for birth heifers born in July to 22.2 mo for heifers born 
in November. The use of pasture was the main reason for the variation in rearing policy per 
month of birth. By the extension of the rearing period, November heifers reached a more 
profitable calving season thereby profiting from the less expensive grazing season; additional 
revenues exceeded the cost of the extended rearing time. In the PA alternative a confinement 
feeding system is modelled resulting in the same optimum policy per season of birth. The 
differences in heifer market prices of subsequent calendar months were too small to 
compensate the extra rearing costs (mainly feed costs) of an extended rearing period to 
achieve a more profitable calving season. 
Another noteworthy difference in the optimized rearing policy of both studies is the 
moment of first insemination. In the PA study, insemination commenced immediately after 
the onset of puberty, while in the Dutch study insemination was generally delayed. For 
instance, in the Dutch alternative based on a critical prepubertal rate of 0.9 kg/d and a limited 
postpubertal ADG of 0.7 kg/d, puberty occurred at an average age of 9.8 mo, while 
insemination commenced at an average age of 11.5 months (Mourits et al., 1999a). 
A possible explanation of this contrast was the differences in expected reproductive 
performance. The conception and detection rates in the PA study were lower than in the 
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Dutch study, resulting in a reduced reproductive performance. Due to this reduced 
reproductive performance and the assumption that open heifers are replaced after 6 cyclic 
months, it could be economically more efficient to have heifers calving at an earlier age and 
lower weights than to extend the rearing period and have a decreased number of heifers (due 
to an increased replacement rate for insufficient reproduction) calving at higher weights. 
Nevertheless, an additional calculation based on an improved reproductive performance in 
the default PA situation (detection and conception rates 95%) demonstrated that, despite the 
efficient reproduction, insemination still commenced immediately after puberty. Compared to 
the basic results average age and weight at calving were reduced to 19.2 mo and 549 kg, 
respectively. 
These results demonstrated that the difference between the PA and the Dutch study in 
moment of first insemination was not the result of a difference in reproductive performance 
but a result of the difference in economic significance of an extra kg BW at calving. As 
discussed earlier, an increase in BW at calving by an increase in rearing time was not optimal 
within the PA situation. However, this was opposite to the Dutch situation where additional 
revenues as a result of a heavier calving weight outweighed the extra costs of an extension in 
rearing time, resulting in higher average calving ages and weights (Mourits et al., 1999a). 
IS Conclusion 
Adaptation of the input variables of the heifer rearing model of Mourits et al. (1999a; 
1999b) made it possible to evaluate the influence of production variables on the optimum 
heifer rearing strategy under PA production circumstances. Results demonstrated that it was 
generally most optimum to rear the heifers prepubertal conform the critical prepubertal rate 
and postpuberal at the highest achievable rates. Insemination should commence immediately 
after puberty. Furthermore, the results demonstrated that the economic efficiency of a rearing 
strategy could not be evaluated simply by information on the realised average age at calving 
alone. 
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Chapter 8 
General Discussion 
8.1 Introduction 
In Dutch dairy farming, reduction of production costs has become increasingly 
important, due to restrictions to expand farms by governmental regulations as milk quotas 
and manure legislation. The cost of raising dairy replacement heifers represents one of the 
largest costs within dairy farming. Each year, young heifers are used to replace 25 to 35% of 
the Dutch dairy herd. Management decisions concerning replacement heifers have a profound 
effect on the profitability of the farm as a whole. 
The objective of rearing heifers is to produce high-quality dairy replacements at low 
costs. Heifer management decisions interact with the biological aspects of growth, thereby 
influencing the future profitability of the heifer. A thorough understanding of these biological 
interactions is still lacking. A model representing heifer management decisions and their 
potential impacts will, therefore, be a suitable alternative for the evaluation of a rearing 
policy. 
The objective of the research described in this thesis was to obtain insight into the 
technical and economic consequences of various dairy heifer rearing strategies by means of a 
stochastic dynamic optimization model. The research was started with a literature review to 
identify the key issues in heifer rearing (Chapter 2) and a large field survey to evaluate the 
present heifer rearing performance in the Netherlands (Chapter 3). Based on the insights 
obtained, a stochastic dynamic optimization model was developed, using the hierarchic 
Markov process technique (Chapter 4). With the model, management decisions with respect 
to growth rate, time of insemination and replacement were optimized under maximization of 
discounted net returns per heifer place per year. Model behaviour was studied by the 
evaluation of a basic Dutch production situation (Chapters 4 and 5). Extensive sensitivity 
analyses were carried out to evaluate the consequences of variation in price and production 
variables on the optimization outcome (Chapter 5). Additionally, an extension of the model 
was used to determine the extent to which the heifer rearing activity influences the 
environmental problems on a Dutch dairy farm and whether or not these environmental issues 
should lead to a different economic optimal rearing strategy (Chapter 6). In the final phase, 
application of the model under other production circumstances was studied by an evaluation 
of a rearing situation typical for a Pennsylvanian (US) dairy herd (Chapter 7). 
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At the end of each chapter, objectives, methods and results have been described and 
discussed. This general discussion will, therefore, focus on the overall insights obtained by 
the project. In particular, focus will be on the model definition of the rearing activity and the 
practical interpretation of model outcomes. Further, an outlook for possibilities for modelling 
heifer rearing as an integrated activity of a multi component dairy farm system is presented. 
The chapter ends with a summary of the main conclusions from the study. 
8.2 Heifer rearing structured by a Hierarchic Markov process 
8.2.1 Model definition 
In general, a dairy farm can be divided into three interdependent activities: heifer 
rearing, rnilking herd management and grassland exploitation. As depicted by Figure 8.1 the 
interactions between these three activities are large. In practice (as well as in modelling 
research (Houben et al., 1994; Kristensen, 1987; Schapendonk et al., 1998)), the main interest 
is on the milking herd and the grassland exploitation. Despite the relevance of a good rearing 
policy (Chapters 2, 5 and 6), the management component of the heifer rearing activity is 
often overlooked (Chapter 3). 
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Figure 8.1 Components of a dairy farm production system. Elements modelled by the heifer rearing 
model are represented in bold. 
This research was primarily focused on the rearing of dairy replacements. In order to 
study the main mechanism within heifer rearing a dynamic optimization model was 
developed. Due to computational restrictions it was not feasible to aim for a model 
representation of the entire dairy farm system, at least not in sufficient detail. A fundamental 
principle of model-building is that the model should represent those facets of the real system 
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relevant to the model application (Dent and Blackie, 1979). The heifer rearing activity was, 
therefore, modelled as a separate farming activity. 
Within the model, processes related to the rearing activity are described in detail while 
the remaining farm activities are included in an aggregated manner (Figure 8.1). Due to this 
aggregated representation, the model is not able to evaluate management strategies with 
respect to the milking herd activity nor the grassland exploitation. However, variation in the 
price and quality parameters of these aggregated processes (i.e., calves and roughages) gives 
the opportunity to study the influence of these activities on the heifer rearing policy. The 
model can, therefore, provide meaningful information on the fundamental elements within 
the rearing activity, despite the required simplifications on the remaining farm activities. 
8.2.2 Hierarchic Markov process (HMP) 
To structure the heifer rearing activity, HMP was used as the dynamic programming 
algorithm (Chapter 4). The HMP formulation proved to be very useful in optimizing the 
heifer rearing decisions by a simultaneous evaluation of the state variables age, season, body 
weight (BW), fertility and prepubertal average daily gain (ADG). In comparison with the 
HMP applications of Houben et al. (1994) and Kristensen (1987) the heifer rearing 
application differs with respect to the following two model elements: 
1) the number of decisions included. 
The HMP applications of Houben et al. (1994) and Kristensen (1987) consider only 
decisions with a binary character (viz., keep / replace, insemination / no insemination), 
resulting in an inclusion of only 3 decisions (i.e., keep, mseminate and replace). However, 
continuous decision variables like growth rate cannot simply be defined binary. Such 
decision variables need to be discretised, resulting in an increased number of decisions. 
Consequently, the heifer model considers a total of 10 decisions during the optimization 
process. 
2) the transition probabilities in the main process. 
In the basic formulation of the HMP algorithm, transition probabilities in the main 
process are assumed to be independent of the present state (i.e., the probability of observing a 
specific state at the next stage is the same irrespective of the state observed at the present 
stage) (Kristenen, 1987). While modelling the rearing activity, such an assumption would 
imply that the season of birth of a new heifer calf is independent of that of the present heifer, 
which is not realistic. An extended formulation of the hierarchic Markov process (based on 
Kristensen, 1988) is, therefore, used in the construction of the heifer rearing model. Due to 
this extension, transition probabilities of the main process depend on the actions taken in the 
subprocess (Chapter 4). Information on the season in which a heifer is replaced (= action in 
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subprocess) determines the season of birth of the replacement heifer calf (next state of main 
process in next stage). No previous HMP application is known that contains transition 
probabilities in the main process that are depended on the policy of the subprocess. 
8.2.3 Validation 
The determination of input data was primarily based on the results obtained from the 
literature research and the field survey. The literature review resulted in a specification of the 
relevant rearing elements, while the field survey provided general background information on 
the Dutch rearing practices. However, usable explicit quantitative data on some elements 
were scarce as discussed in Chapter 2. To overcome this problem of scarcity on data a 
number of experts were consulted to judge the default values and ranges of the required input 
variables. 
During the development of the rearing model, internal validation of the model and its 
equations was carried out continuously to ensure proper functioning. External validation was 
hampered by the scarcity of real farm data suitable for comparison with model outcomes. 
Farm data on growth rates and feed consumption (or feed costs) are generally lacking. 
External validation was, therefore, limited to subjective expert assessment of model outcomes 
in relation to model inputs. Model behaviour was studied to find out whether the outcomes 
appeared to be logical, i.e., that direction and magnitude of changes were what could be 
expected on theoretical grounds. 
The key issue of model validation is to judge whether or not the model mimics the 
real system sufficiently enough to fulfil the purpose for which it has been developed 
(Kleijnen, 1995). In case of the developed heifer model its initial purpose was to obtain 
general understanding of the economic consequences of various rearing decisions and rearing 
conditions. The model was meant to support decisions, not to make decisions. Providing 
insight into the mechanism by means of sensitivity analyses was more important than 
predicting precise figures. In relation to this prescribed use the model has been accepted as 
being valid. 
8.2.4 Flexibility of the model structure 
The model structure is flexible with respect to the evaluation of the influence of 
various rearing conditions, as long as the variation does not relate to the definition of the state 
variables or the decisions. The HMP model can be easily used to determine the effects of a 
certain alternative situation on net returns. This 'simulation' aspect of the HMP model is very 
powerful as was shown by the sensitivity analyses in Chapters 5, 6, and 7. It should be 
noticed that the word simulation is quoted because consequences of the alterations were 
calculated directly by solution of the optimization equations. 
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Within the model heifers are described in terms of age, season, BW, reproductive state 
and maximal prepubertal growth rate. The representation of BW as a discrete class variable 
limits the flexibility of the model by: 
1) its influence on the definition of the growth rate decisions. 
Only weight gain strategies with intervals of 200 g/d are possible to model, due to the 
fixed interval between BW classes (Chapter 4). Inclusion of intermediate weight gain 
strategies is, therefore, not possible without a reformulation of the BW state variable. 
2) the fact that it makes it difficult to represent variation in growth. 
Based on a planned growth strategy, heifers vary in their realised BW gain as a result 
of genetic variation and environmental influences. Based on the defined interval of 6.1 kg 
between BW classes within a stage (= ADG interval (200 g/d) x number of days per stage 
(30.5 days)), variation has to be represented in units of this size. However, 6.1 kg more or 
less represents a variation of 29% in relation to a planned average monthly weight gain of 
21.35 kg (ADG=0.7 kg/d). Korver et al., (1991) and Jensen et al., (1995) measured a 
coefficient of variation in moderate growth levels of 10-15%. A representative reflection of 
growth variation should, therefore, require a more detailed definition of BW, resulting in an 
explosion of the state space. 
Another modelling option would have been the inclusion of an extra state variable in 
the main process to describe only the genetic variation of growth (= permanent factor). 
However inclusion of only 2 additional state classes would already increase the number of 
subprocesses from 12 to 24, implying a considerable increase in computation time. With the 
present model the influence of genetic variation could be evaluated by a number of 
autonomous model runs, differing in the feed intake ability and/or feed efficiency within the 
least cost ration formulation. 
Due to the deterministic representation of growth, the distribution of technical figures 
(such as BW at calving) will be underestimated. Weight gain based on a planned strategy is 
expected to display a normal distribution. Inclusion of uncertainty in weight gain would, 
therefore, have resulted in similar average results as obtained in this study. 
8.3 Practical interpretation 
8.3.1 General 
In this study sensitivity analyses played an important role in providing information on 
the importance of prices, production variables and growth limitations within the process of 
heifer rearing (Chapters 5, 6 and 7). Results indicated the significance of further research on 
nutrient requirements for heifers with rapid rates of gain (Chapter 5). Such research is needed 
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to define more accurate the highest rearing rates without detrimental effects during the 
prepubertal period as well as during the postpuberal period. 
As discussed in Chapter 5, the current estimations of nutritional requirements are 
based on Dutch empirical observations. Within these observations growth rates beyond 900 
g/d are unusual. The practical interpretation of model results based on ADG > 900 g Id 
therefore requires some caution. The optimization rearing policy based on the more moderate 
growth levels of 900 g/d prepubertal and 700 g/d postpuberal resulted in an average calving 
age of 21 mo at a BW of 536 kg (Chapter 6). The question is to which extent such a rearing 
policy is feasible in reality. 
The heifer rearing model optimizes the rearing policy for individual heifers. Least 
cost rations are determined based on the specific combination of the state variables of an 
individual heifer. In practice, heifers are usually grouped according to age and size for 
feeding needs, vaccination and treatment and heat detection. The number and uniformity of 
heifers in a group generally depends on herd size and uniformity of calving in the herd. 
Smaller group sizes allow the farmer to better notice, and attend to the 'poor doers' within a 
group. Nevertheless, individual ration formulation and feeding remains very time consuming 
and is, therefore, not practicable, especially not during the grazing period. The optimized 
strategy will, therefore, be difficult to realise in practice. However, the difference between the 
average calving age in practice (26 mo) and the average calving age based on the optimized 
strategy (21 mo) indicates the potential room for improvement. 
8.3.2 Economic impact 
To indicate the economic relevance of the rearing activity on a typical Dutch dairy 
farm some general figures: Moderate rearing strategies resulted in variable costs of Dfl 750 to 
Dfl 800 per heifer per year (Chapters 5 and 6). On a typical Dutch farm, the number of young 
stock per milking cow equals 0.8 (Chapter 3). Considering the average production of 7700 kg 
milk per cow per year, the variable cost of rearing replacements per 100 kg milk corresponds 
with approximately Dfl 8 per year, accounting for almost 10% of the total milk production 
costs (Van Dijk et al., 1997). 
In practice the economic consequences of an extension in rearing period are often 
indicated by the increase in rearing (feed) costs. However in some situations the extension in 
rearing period can also result in additional returns (e.g. due to an increased BW at calving). In 
the model all advantages and disadvantages are considered to quantify the economic 
consequences of an altered rearing period (partial budgeting). As depicted by the results of 
Chapter 5 the reduction in net returns caused by an extension of 1 month in rearing period 
varied from Dfl 26 to Dfl 46 per heifer per year. Variation in reduction in net returns 
depended on the cause of the extension. For a dairy farm with an average number of young 
stock of 42 animals (Chapter 3), one extra month in rearing time would reduce net returns 
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with roughly Dfl 1512/year. Related to the economic results of 1996-1997, this corresponds 
to 4.5% of the farmer's income on a typical Dutch dairy farm (Van Dijk et al, 1997). 
Rearing costs are rather high compared to the market value of full grown replacement 
heifers. Home rearing of replacement heifers is often justified on factors other than costs 
only. A dairy farmer may wish to protect his herd against the import of disease on purchased 
animals. He also may wish to raise the standard of his herd by genetic improvement. These 
arguments provide the home-reared heifer with some additional revenues (depending on the 
health and genetic state of the dairy herd), resulting in a higher 'market' value than the 
market value of a purchased heifer. Incorporation of these expected additional revenues 
within the optimization model could make it possible to study the economic aspects of these 
arguments for home-rearing. 
8.3.3 Objective function 
Within the model study, optimization of the rearing strategy was based on the 
maximization of net returns per heifer place. However, in practice, a dairy farmer may 
consider other objectives than maximization of his farm income to justify his rearing strategy. 
In his decision-making process a farmer might for instance include objectives as 
minimization of environmental damage, maximization of animal health, or minimization of 
workload. The farmer tries to find that particular strategy which provides the highest 
attainment of his objectives. Analyses of rearing decisions based on multiple objectives is a 
matter of defining an appropriate utility function (additive or multiplicative), reflecting the 
preferences of the farmer (Hardaker et al., 1997; Keeney and Raiffa, 1976). Further research 
on these multiple objectives may indicate whether the optimal rearing policy differs from the 
economic optimal policy as determined in this study. 
8.4 Modelling the entire dairy management system 
Within the dairy farm production system, the supply of replacement heifers is limited 
to the number of calves born in the dairy herd (Figure 8.1). This limited supply complicates 
the dairy herd management problem as they cause an interaction among all animals in the 
system. 
The decision to replace a dairy cow by a dairy heifer depends not only on the state of 
the cow and the heifer but also on the state of the other animals. The replacement of a dairy 
cow will decrease the possibility of replacing others, because the number of replacements 
may not suffice. 
Such a situation of interaction among items exists in many real 'stock-control' 
systems where, for example, there is a limited budget for purchasing or producing 
replacement items. A special feature of the dairy herd replacement problem is that the 
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replacement heifer supply is not exogenous to the process but is actually generated by the 
process. Therefore, the dairy herd replacement problem deals not only with the replacement 
decision but also with the determination of the future replacement supply, namely, which 
female calves to raise as potential replacements. 
An exact derivation of the optimal replacement policy is very complicated because the 
optimal decisions for each period depends on the state of the whole stock and of all available 
replacement components. Such a multi-component problem can be formulated by a Markov 
decision process (Kristensen, 1992), but, since the states of all components should be 
considered simultaneously, the size of the total model will be far beyond current 
computational capacity. For instance, a combination of the heifer rearing model (> 600.000 
states) with the generalised version of the dairy cow replacement model of Houben (1995) (> 
200.000 states) implies a dairy herd model of more than 600.000 x 200.000 states in each 
stage. Such a model is far too large to be solved by any known method. This explains the 
need for approximate methods. 
Ben-Ari and Galton (1986) and Kristensen (1992) used an approximation technique, 
called parameter iteration, to include the possibility of having a shortage of replacement 
heifers in a dairy replacement model. With this method the total expected profit of the herd at 
a given composition is approximated by a function involving a set of parameters describing 
the relations between the total expected profit and the present herd composition (Kristensen, 
1992). Houben (1995) developed a hybrid decision support model for culling decisions to 
include herd level effects, such as shortage of replacement heifers and milk quota. Within this 
hybrid system a dynamic dairy replacement model was integrated with a genetic algorithm. 
Based on the included herd effect, the genetic algorithm adjusted and fine tuned the culling 
advice calculated by the dynamic dairy replacement model. 
Even with these approximate methods it remains prohibitive to consider all dairy herd 
elements at once. For instance, the influence of the rearing policy on the expected profit of 
the herd was not considered. Inclusion of this element would have complicated the 
approximations due to the fact that the heifer supply would not only be defined by the 
number of available heifers but also by the qualitative traits of the available heifers. 
Although optimization models of the complete dairy farm system (i.e., the rearing 
activity, milking herd activity and grassland exploitation (Figure 8.1)) are prohibitive, 
relevant insight can be obtained by means of a stochastic simulation approach. Using the 
results of the optimization models on the individual farm activities as input data, insight can 
be obtained into some specified herd level aspects (Jalvingh et al., 1993). 
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Main conclusions 
Under Dutch conditions, the optimized rearing policy within the default situation results 
in an average calving age of 22.6 months at a body weight of 564 kg. Discounted net 
returns coincides with Dfl 337 per heifer per year. 
One month extension of the rearing period by lowering the prepubertal average daily 
gain, delaying breeding or reducing the postpubertal average daily gain reduces net 
returns by Dfl 34, Dfl 26 or Dfl 46 per heifer per year, respectively. For a typical Dutch 
dairy farm, one extra month in rearing time will reduce farmer's income with about Dfl 
1512 per year (=4.5%). 
Within Dutch dairy farming, heifer rearing management and, therefore, economic 
performance (i.e., cost price level) can be improved considerably if the general 
recommended age (< 24 mo) and body weight (570 kg) of heifers at first calving would 
be attained. 
More than a third of the Dutch dairy farmers underestimates the rearing costs of a full-
grown heifer by more than 30%. 
Optimal rearing policy is not sensitive to changes in market price, slaughter value, calf 
prices, milk price and feed prices. Income per heifer is mainly susceptible to changes in 
market price and roughage feed price. Variation in the limit of the critical prepubertal 
average daily gain has a considerable impact on both the optimal policy and expected net 
returns. 
Technical and economic results are very sensitive to seasonal influences on price and 
production variables. In the default situation highest income per heifer is obtained from 
heifer calves born in December whereas those born in June yield the lowest, implying a 
difference of Dfl 130 per heifer per year. 
Optimal rearing policy, in the sense of growth rate decisions and breeding decisions, is 
only slightly influenced by environmental measures as the Dutch mineral accounting 
system (MTNAS) or the use of 'least mineral' rations. The effects on ration composition 
and mineral surpluses are considerable. 
The optimized rearing patterns within the Pennsylvania model study corresponds with the 
average results of the Dutch model study: Prepubertal growth rates below the critical rates 
are followed by highest achievable rates without detrimental effects. The Dutch optimal 
rearing policy is, however, more sensitive for differences in body weight at calving and 
seasonal influences than the optimal rearing policy based on the rearing conditions of 
Pennsylvania 
Dynamic programming in general and the hierarchic Markov process in particular are 
useful techniques to structure the rearing problem to result in a better understanding of the 
consequential effects of heifer management decisions. However, exact information on the 
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fundamental elements of heifer rearing is scarce. Providing insight into the critical 
components of heifer rearing by means of sensitivity analyses is, therefore, more 
important than the prediction of precise figures. 
Further research on nutrient requirements for heifers with rapid rates of body weight gain 
is needed to define more accurately the highest rearing rates without detrimental effects. 
Information on these requirements will aid in the development of recommendation for 
lowering age at first calving. 
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Summary 
Introduction 
In Dutch dairy farming, reduction of production costs has become increasingly 
important, due to the restrictions to expand farms by governmental regulations as milk quotas 
and manure legislation. The cost of raising dairy replacement heifers represents one of the 
largest costs within dairy farming. Each year, young heifers are used to replace 25 to 35% of 
the Dutch dairy herd. Management decisions concerning replacement heifers have a profound 
effect on the profitability of the farm as a whole. 
The objective of rearing heifers is to produce high-quality dairy replacements at low 
costs. Heifer management decisions interact with the biological aspects of growth, thereby 
influencing the future profitability of the heifer. A thorough understanding of these biological 
interactions is still lacking. A model representing heifer management decisions and their 
potential impacts will, therefore, be a suitable alternative for the evaluation of various rearing 
strategies. Currently available management support models primarily focus on the mature 
cow, thereby, simplifying or neglecting the rearing activity. 
The objective of this research project was to obtain insight in the technical and 
economic consequences of various rearing strategies by means of a stochastic dynamic 
optimization model. Given the objective the project consisted of the following 6 interrelated 
phases; 
1) review of scientific literature on heifer rearing 
2) evaluation of present rearing practices 
3) development of the optimization model 
4) base applications of the model 
5) sensitivity analyses 
6) extended applications 
Basic concepts 
The research was started with a literature review to identify the key issues in heifer 
rearing (Chapter 2). Moreover, currently available modelling studies on dairy heifer 
management were evaluated, while the potential benefits of a dynamic programming model 
were discussed. 
The costs of raising dairy replacements depend to a large extent on the age at first 
calving. In the Netherlands, the average rearing period corresponds with 26 months. Ample 
research has demonstrated that the onset of puberty is determined by BW. Manipulation of 
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the feeding regimen could reduce the age at which the heifers are able to conceive to even 
less than 9 months, making a rearing period of 18 months possible. However, because of the 
various biological interrelationships with growth rate, the ultimate economic efficiency of a 
reduction in rearing time will depend on the balance between several positive and negative 
impacts. Possible advantages such as decreased feed costs, lower overhead costs, decreased 
overcrowding and increased production per day of herd life must be weighed against possible 
disadvantages such as lower conception rates, increased dystocia, reduced milk production 
per lactation and reduced longevity. 
At present the interrelationships of rearing strategies with the productivity and 
profitability of the heifer are not well understood. Additional physiological research is needed 
but will be limited because of the enormous costs associated with rearing experiments. 
Dynamic programming (DP) makes it possible to structure the rearing problem, resulting in a 
better understanding of the consequential effects of heifer management decisions. The 
strength of such a DP model lies in the field of sensitivity analyses by providing valuable 
information regarding the critical components of heifer rearing. Determination of these 
critical components can be very helpful in setting priorities for further research. 
Field survey 
A large field survey was set up to survey the heifer rearing practices of the dairy 
farmers in the Netherlands (Chapter 3). Information was obtained by means of a self-
administered questionnaire, which was sent to 3000 randomly chosen dairy farmers. Almost a 
third of the farmers (n=959) completed and returned the questionnaire. 
The overall average age at which the majority of the dairy heifers calved equalled 
25.6 months. Of the farms surveyed, 29% had an average value for first calving age of 24 
months or less, 51% from 25 to 27 months, and 20% of 27 months or more. The farmers 
indicated that the average body weight (BW) after calving was within the range of 525-550 
kg. Average wither height class corresponded with 141 to 145 cm. Most farmers estimated 
the BCS of their heifers at calving equal to 3-3.5. 
Results from the survey demonstrated that intermediate evaluation of the rearing 
policy by means of performance goals and measurements was limited. Along with the fact 
that many of the reported performance indices on age and BW were outside the range of the 
recommended target values, the results indicated that the common Dutch heifer rearing 
management system could be improved considerably. 
Dairy heifer management optimization model 
Based on the insights obtained from the literature review and the field survey, a 
stochastic dynamic optimization model was developed, using the hierarchic Markov process 
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(HMP) technique (Chapter 4). HMP provided a method to model a wide variety of heifer 
calves. 
The heifer rearing activity is modelled as a separate farming activity. The model 
optimizes management decisions with respect to growth rate, time of insemination and 
replacement under maximization of total present value of net returns per heifer place per 
year. Within the model, the rearing activity is structured by time steps of one month. In the 
model heifers are described in terms of age, season of birth, body weight (B W), reproductive 
state and prepubertal growth rate. Season is considered due to its effects on prices of feed, 
milk, meat and calves and on the expected milk production, which can substantially influence 
the economic results. BW is the main variable, as it determines the onset of puberty, and 
influences feed costs, slaughter value, expected milk production and market price. The 
reproductive state describes the various prepubertal, cyclic and pregnancy states, while the 
maximum prepubertal growth rate variable is included to estimate the influence of the 
prepubertal average daily gain (ADG) on the future milk production ability. In the default 
situation a prepubertal growth rate beyond the 0.7 kg/d is assumed to have a negative 
influence on the future production ability of the heifer. Three groups of transition 
probabilities are used to represent the uncertainty in processes as onset of puberty, conception 
and involuntary disposal. 
The costs within the model include the costs of heifer calves, breeding, veterinary 
treatment and feed costs. The market value of the full grown heifers is estimated relatively to 
a predefined standard heifer. The estimated value thereby depends on the BW at calving, the 
maximum prepubertal growth rate and the season of calving. 
Under Dutch conditions, the optimal rearing policy within the default situation 
resulted in an average calving age of 22.6 months and an average calving BW of 564 kg. 
Prepubertal heifers were reared at an ADG of 0.68 kg/d, resulting in an average age at 
puberty of 12.1 months at a BW of 285 kg. Breeding commenced at an average age of 12.7 
months at a BW of 302 kg. Discounted net returns coincided with Dfl 337 per heifer per year. 
Ranking prepubertal rearing rates by means of retention pay-off (RPO) key values 
demonstrated a considerable impact of the critical prepubertal growth rate on technical and 
economic results. 
Sensitivity analyses 
Sensitivity analyses were carried out to provide information regarding the critical 
components of heifer rearing (Chapter 5). Price sensitivity analyses showed that optimal 
heifer rearing policy was not very sensitive to changes in market price, slaughter value, calf 
prices, milk price or feed prices. Income per heifer was mainly susceptible to changes in 
market price and roughage feed price. Variation in production variables demonstrated the 
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major influence of the critical prepubertal ADG on both the optimal policy and expected net 
returns. Balancing of the protein and energy fractions may allow for prepubertal growth rates 
above 0.7 kg/d, without incurring detrimental effects in mammary gland development. To 
demonstrate the significance of this principle, the optimum rearing policy was calculated for 
a situation in which the prepubertal feed rations contained at least 17% crude protein per kg 
of dry matter and the critical prepubertal rate was defined equal to 0.9 kg/d. Optimum policy 
resulted in an average optimum calving age of 20.2 months at a BW of 563 kg. Discounted 
net returns increased from the default value of Dfl 337 to Dfl 418 per heifer per year. 
Seasonal effects on prices of feed, milk, and calves and on the expected conception 
rate and milk production had a considerable influence on the technical and economic results. 
Heifer calves born in winter were the most profitable calves to rear. Winter calves were less 
expensive than summer calves and benefited the most of the less expensive grazing months. 
In the default situation highest income per heifer was obtained from heifers born in December 
whereas those born in June yielded the lowest, implying a difference of Dfl 130 per heifer per 
year. Seasonal differences in calf price accounted for 53% of this seasonal difference in 
income while 32% was caused by differences in feed costs. 
Environmental issues 
Dairy farming contributes substantially to the Dutch environmental problems. In 
Chapter 6 the dynamic heifer rearing model was used to determine the extent to which the 
rearing activity influences the mineral flows on a dairy farm. Based on the average rearing 
conditions (viz., a critical prepubertal ADG of 0.9 kg/d and a maximum ADG after 3 cyclic 
months of 0.7 kg/d), optimum rearing policy eventuated in an average calving age of 21.1 
months at an average calving BW of 530 kg. Average age and BW at puberty coincided with 
10.0 months and 288 kg, receptively. Breeding commenced at an average age of 11.4 months 
and an average BW of 333 kg. The optimum feeding pattern involved a mineral intake of 
72.0 kg nitrogen and 21.2 kg phosphate per heifer per year. Balancing the mineral supplies 
with the mineral discharges resulted in an average accounting mineral surplus of 51.4 kg of 
nitrogen and 17.0 kg of phosphate per heifer per year. 
To study the sensitivity of the optimal rearing policy for environmental measures as 
the Dutch mineral accounting system (MTNAS) or the use of 'least mineral' rations, the heifer 
rearing model was extended with the mineral accounting relationships and a 'least mineral' 
ration formulator. Optimal rearing policy, in the sense of growth rate decisions and breeding 
decisions, was only slightly influenced by these measures. The effects on ration composition 
and mineral surpluses were considerable. Within the formulated rations, grass and grass 
silage were replaced to a large extent by maize silage and concentrates. As a consequence the 
surpluses of nitrogen and phosphate were reduced with, respectively, 16% and 14% in the 
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MINAS variant and with, respectively, 49% and 23% in the 'least mineral' variant. 
Pennsylvanian production circumstances 
Dutch dairy production systems differ considerably from those in the US in relatively 
higher beef prices, milk prices and feed costs. Feeding regimens and management systems 
differ as well; within the Dutch production system fresh feeds (pasturing) are used more 
extensively and mixed rations less. To study the influence of these differences in production 
system on the optimal rearing policy, the dairy heifer optimization model was adapted to 
rearing conditions of the US (Pennsylvania (PA)) (Chapter 7). Application of the adapted 
model was demonstrated by evaluating a basic situation for a typical PA dairy herd. Based on 
a critical prepubertal ADG of 0.9 kg/d and a maximum achievable postpuberal ADG of 1.1 
kg/d, optimum policy resulted in an average age at first calving of 20.5 months at a body 
weight of 563 kg. Prepubertal heifers were reared at an average daily gain of 0.88 kg/d, 
resulting in an average age at puberty of 9.8 months at a BW of 288 kg. Insemination 
commenced immediately after the onset of puberty. During the second year, heifers were 
reared at higher levels (0.97 kg/d on average) to achieve the optimum calving weight, ending 
with the predefined 0.3 kg/d growth during the last two months of gestation. 
Discounted net returns equalled $107 per heifer per year. The optimum rearing policy 
was not sensitive to seasonal variation in prices. Nevertheless, the economic results per 
season of birth varied considerably; highest income per heifer was obtained from heifers born 
in December ($142/yr) whereas those born in May yielded the lowest ($100/yr). 
The optimized rearing patterns corresponded with the average results of the Dutch 
model study: Prepubertal growth rates below the critical rates were followed by highest 
achievable rates without detrimental effects. A striking difference between the results of both 
studies was the seasonal influence on optimal policy. In the PA study the seasonal influence 
on optimum policy was negligible. Under Dutch rearing conditions optimum policy per 
month of birth considerably differed due to seasonal influence on prices and production. 
Another noteworthy difference in the optimized rearing policy of both studies was the 
moment of first insemination. In the PA study, breeding commenced immediately after the 
onset of puberty, while in the Dutch study breeding was generally delayed as a result of the 
fact that additional revenues due to a heavier BW at calving outweighed the costs of an 
extension in rearing time. 
Discussion and conclusions 
Chapter 8 discusses the general insights obtained by this research project. In 
particular, focus is on the model definition of the rearing activity and the practical 
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interpretation of model outcomes. Further, an outlook for possibilities for modelling heifer 
rearing as an integrated activity of a multi component dairy system is presented. 
The main conclusions of the thesis are: 
- Under Dutch conditions, the optimized rearing policy within the default situation results 
in an average calving age of 22.6 months at a body weight of 564 kg. Discounted net 
returns coincides with Dfl 337 per heifer per year. 
- One month extension of the rearing period by lowering the prepubertal average daily 
gain, delaying breeding or reducing the postpubertal average daily gain reduces net 
returns by Dfl 34, Dfl 26 or Dfl 46 per heifer per year, respectively. For a typical Dutch 
dairy farm, one extra month in rearing time will reduce farmer's income with about Dfl 
1512 per year (=4.5%). 
- Within Dutch dairy farming, heifer rearing management and, therefore, economic 
performance (i.e., cost price level) can be improved considerably if the general 
recommended age (<, 24 mo) and body weight (570 kg) of heifers at first calving would 
be attained. 
- More than a third of the Dutch dairy farmers underestimates the rearing costs of a full-
grown heifer by more than 30%. 
- Optimal rearing policy is not sensitive to changes in market price, slaughter value, calf 
prices, milk price and feed prices. Income per heifer is mainly susceptible to changes in 
market price and roughage feed price. Variation in the limit of the critical prepubertal 
average daily gain has a considerable impact on both the optimal policy and expected net 
returns. 
- Technical and economic results are very sensitive to seasonal influences on price and 
production variables. In the default situation highest income per heifer is obtained from 
heifer calves born in December whereas those born in June yield the lowest, implying a 
difference of Dfl 130 per heifer per year. 
- Optimal rearing policy, in the sense of growth rate decisions and breeding decisions, is 
only slightly influenced by environmental measures as the Dutch mineral accounting 
system (MTNAS) or the use of 'least mineral' rations. The effects on ration composition 
and mineral surpluses are considerable. 
- The optimized rearing patterns within the Pennsylvania model study corresponds with the 
average results of the Dutch model study: Prepubertal growth rates below the critical rates 
are followed by highest achievable rates without detrimental effects. The Dutch optimal 
rearing policy is, however, more sensitive for differences in body weight at calving and 
seasonal influences than the optimal rearing policy based on the rearing conditions of 
Pennsylvania 
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Dynamic programming in general and the hierarchic Markov process in particular are 
useful techniques to structure the rearing problem to result in a better understanding of the 
consequential effects of heifer management decisions. However, exact information on the 
fundamental elements of heifer rearing is scarce. Providing insight into the critical 
components of heifer rearing by means of sensitivity analyses is, therefore, more 
important than the prediction of precise figures. 
Further research on nutrient requirements for heifers with rapid rates of body weight gain 
is needed to define more accurately the highest rearing rates without detrimental effects. 
Information on these requirements will aid in the development of recommendation for 
lowering age at first calving. 
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Samenvatting 
Inleiding 
Door de huidige overheidsmaatregelen als melkquotering en MINAS, zijn de 
mogelijkheden voor handhaving of verbetering van het inkomen in de Nederlandse 
melkveehouderij middels bedrijfsuitbreiding, beperkt. Het terugdringen van de 
productiekosten wordt daardoor steeds belangrijker. Een van de grootste kostenposten op een 
melkveebedrijf is de opfok van jongvee. Li Nederland wordt jaarlijks 25 tot 35% van de 
melkveestapel vervangen door vaarzen uit eigen opfok. Management beslissingen met 
betrekking tot de jongvee opfok hebben daardoor een sterke invloed op de winstgevendheid 
van het melkveebedrijf. 
Bij de opfok van jongvee draait het om de productie van hoog kwalitatieve vaarzen 
tegen läge productiekosten. De management beslissingen binnen de jongvee opfok zijn vooral 
gericht op het vaststellen van een te volgen groeistrategie en een inseminatiebeleid. Deze 
beslissingen vertonen echter sterke biologische interacties met de ontwikkeling van het dier, 
waardoor beslissingen in een vroeg stadium van de opfok de toekomstige winstgevendheid 
van de vaars kunnen beinvloeden. Een volledig inzicht in deze biologische interacties 
ontbreekt echter. 
Het in dit proefschrift beschreven onderzoek had als doel het verkrijgen van inzicht in 
de technische en economische consequenties van verschillende opfok strategieen door middel 
van een stochastisch dynamisch optimalisatiemodel. Het onderzoek bestond daarbij uit de 
volgende 6 onderdelen: 
1) literatuurstudie 
2) evaluatie van de huidige opfokpraktijken 
3) ontwikkeling van het optimalisatiemodel 
4) basis modelberekeningen 
5) gevoeligheidsanalyses 
6) specifieke modeltoepassingen 
Literatuurstudie 
Op basis van wetenschappelijke publicaties is een literatuurstudie uitgevoerd om een 
goed overzicht te krijgen van de basisprincipes en -begrippen binnen de jongvee opfok 
(Hoofdstuk 2). Tevens is aan de hand van beschikbare literatuur het modelonderzoek met 
betrekking tot het management op melkveebedrijven geSvalueerd. 
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De kosten van de jongvee opfok zijn voor een groot deel afhankelijk van de leeftijd 
waarbij de dieren voor het eerst afkalven. In Nederland komt de gemiddelde afkalfleeftijd 
overeen met 26 maanden. Onderzoek heeft herhaaldelijk aangetoond dat het Uchaamsgewicht 
van de pink bepalend is voor het optreden van de puberteit. Gemiddeld worden 
Holsteinpinken voor het eerst tochtig op een gewicht van 275 kg. Door kalveren gedurende 
hun eerste levensmaanden sneller te laten groeien is het mogelijk om de leeftijd bij puberteit 
en daarmee ook de afkalfleeftijd te Verlagen. Aan de hand van een hoog voerniveau is het 
zelfs mogelijk om pinken op een leeftijd van minder dan 9 maanden geslachtsrijp te krijgen, 
hetgeen een opfokperiode van slechts 18 maanden mogelijk maakt. De mogelijke voordelen 
van een versnelde opfok in de vorm van verlaagde totale voerkosten, een hogere productie 
per leeftijdsmaand en een kortere generatie-interval dienen echter afgewogen te worden tegen 
mogelijke nadelen als een verlaagd productievermogen, lagere drachtigheidskansen en 
verhoogde rantsoenkosten vanwege een hoger énergie- en eiwitgehalte. Voor de uiteindelijke 
beoordeling van een opfokstrategie blijkt de invloed van het gevolgde groeischema op het 
daaropvolgend (re)productieve vermögen van de vaars van groot belang. Een grondig inzicht 
hierin ontbreekt echter. Aanvullend fysiologisch onderzoek is noodzakelijk, maar gelimiteerd 
vanwege de enorme kosten die met dergelijke experimenten gepaard gaan. Een modelstudie 
is een geschikt alternatief om inzicht in de gevolgen van de verschillende opfokstrategieën te 
krijgen. Met behulp van de dynamische programmering techniek (DP) is het mogehjk om het 
opfokproces structureel te modelleren. De kracht van een dergelijk 'jongvee DP model' ligt 
vooral op het gebied van de gevoeligheidsanalyses. Aan de hand van deze 
gevoeligheidsanalyses kan namelijk inzicht verkregen worden in de kritieke componenten 
binnen de jongvee opfok. 
Praktijk evaluatie 
Voor de evaluatie van de huidige opfokpraktijken op melkveebedrijven in Nederland 
is in samenwerking met de Gezondheidsdienst voor Dieren een groot praktijk onderzoek 
opgezet (Hoofdstuk 3). Informatie is hierbij verkregen door middel van een schriftelijke 
enquête die naar 3000 willekeurig gekozen melkveehouders werd verstuurd. Nagenoeg een 
derde deel van de aangeschreven melkveehouders (n=959) heeft de vragenlijst beantwoord en 
geretourneerd. 
Uit de resultaten blijkt dat de gemiddelde leeftijd waarop de meerderheid van de 
vaarzen op een bedrijf afkalft, overeenkomt met 25,6 maanden. Van de ondervraagde 
bedrijven realiseert 29% een gemiddelde afkalfleeftijd van 24 maanden of minder, 51% een 
afkalfleeftijd tussen de 25 en 27 maanden en 20% een afkalfleeftijd van 27 maanden of meer. 
Het gemiddelde lichaamsgewicht van de vaarzen na afkalven ligt binnen de gewichtsrange 
van 525 tot 550 kg. De meeste melkveehouders schatten de conditie score van hun vaarzen na 
het afkalven gelijk aan 3 à 3,5. 
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De spreiding in opfokresultaten is groot tussen de afzonderlijke bedrijven. Een groot 
deel van de afzonderlijke bedrijfsresultaten ligt buiten de range van de geadviseerde 
streefwaarden. Tevens blijkt uit de resultaten van de enquête, dat op de meerderheid van de 
bedrijven een tussentijdse evaluatie van het opfokbeleid, door middel van metingen op 
momenten van spenen en insemineren, achterwege wordt gelaten. Deze uitkomsten duiden 
aan dat de opfok van jongvee in Nederland nog aanzienlijk verbeterd kan worden. 
Het jongvee optimalisatiemodel 
Op basis van de resultaten uit de literatuurstudie en de praktijk evaluatie is een 
stochastisch dynamisch optimalisatie model ontwikkeld. Om de grote variatie binnen het 
jongvee zo nauwkeurig mogelijk te modelleren is hierbij gebruik gemaakt van een specifiek 
DP algoritme, namelijk de hiërarchische Markov procès techniek (Hoofdstuk 4). 
De opfokactiviteit is in het model gemodelleerd als een afzonderlijke 
bedrijfsactiviteit. De modelberekeningen starten met de aankoop van een vaarskalf en 
eindigen met de verkoop van een hoogdrachtige vaars. Beslissingen ten aanzien van de opfok 
worden met tussenstappen van een maand genomen. Het model optimaliseert management 
beslissingen betreffende de groeisnelheid, inseminatie en afvoer (vervanging) door de huidige 
waarde van de totale opbrengsten per opfokplaats per jaar te maximaliseren. De in het model 
gebruikte prijzen en biologische relaties hebben betrekking op het Nederlandse zwartbonte 
melkvee. 
Gedurende de opfok ondergaan de vaarskalveren een voortdurende verandering. De 
toestand van een kalf in opfok wordt in het model omschreven aan de hand van de kenmerken 
leeftijd, geboorteseizoen, lichaamsgewicht, reproductieve status en de prepuberale 
groeisnelheid. Het seizoen is van belang vanwege de seizoensinvloeden op de prijzen van 
voer, melk, vlees en kalveren en de toekomstige melkproductie. Deze seizœnsverschillen 
kunnen de economische resultaten aanzienlijk beïnvloeden. Lichaamsgewicht is het 
belangrijkste kenmerk, daar het bepalend is voor het optreden van de puberteit en het verder 
de voerkosten, slachtwaarde, verwachte melkproductie en de verkoopswaarde beïnvloedt. De 
reproductieve status omschrijft de verschillende prepuberale, cyclische en drachttoestanden. 
De prepuberale groeisnelheid is in het model opgenomen vanwege de interactie met de 
toekomstige melkproductie van de vaars. Uit de literatuur blijkt dat een hoge groeisnelheid 
gedurende de prepuberale période de ontwikkeling van het melkklierweefsel negatief kan 
beïnvloeden. In de basisberekening wordt met dit effect rekening gehouden, door te 
veronderstellen dat prepuberale groeisnelheden boven de 0,7 kg/dag een negatief effect 
hebben op de toekomstige productiecapaciteit van de vaars. 
De onzekerheid in het optreden van puberteit, dracht en onvrijwillige afvoer wordt 
weergegeven aan de hand van 3 kansverdelingen. 
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De kosten waarmee het model rekent, omvatten de kosten van de vaarskalveren, 
inseminatie, gezondheidszorg en voer. De marktwaarde van een volgroeide melkvaars wordt 
ingeschat ten opzichte van de waarde van een als standaard gedeflnieerde vaars. De geschatte 
waarde is hierbij afhankelijk van het gewicht bij afkalven, de maximale prepuberale 
groeisnelheid en het afkalfseizoen. 
Onder de gedeflnieerde basis productieomstandigheden resulteerde het 
geoptimaliseerde opfokbeleid in een gemiddelde afkalfleeftijd van 22,6 maanden bij een 
gemiddeld afkalfgewicht van 564 kg. De nagestreefde prepuberale groeisnelheid kwam 
daarbij overeen met 0,68 kg/dag, hetgeen resulteerde in een gemiddelde leeftijd van 12,1 
maanden en een gemiddeld gewicht van 285 kg bij het optreden van puberteit. Inseminatie 
werd gestart rond een gemiddelde leeftijd van 12,7 maanden bij een gemiddeld gewicht van 
302 kg. De netto opbrengsten kwamen bij dit beleid overeen met Dfl 337 per vaars per jaar. 
Gevoeligheidsanalyses 
Om inzicht te krijgen in de kritieke elementen van de jongvee opfok zijn verschillende 
gevoeligheidsanalyses uitgevoerd (Hoofdstuk 5). Gevoeligheidsanalyses met betrekking tot 
de prijzen beten zien dat het optimale opfokbeleid niet erg gevoelig was voor veranderingen 
in marktprijzen, slachtwaarden, kalverprijzen, melkprijzen of voerprijzen. De economische 
resultaten waren voomamelijk gevoelig voor veranderingen in de markt- en ruwvoerprijzen. 
De gevoeligheidsanalyses met betrekking tot de productievariabelen toonden een aanzienlijke 
invloed aan van de prepuberale groeisnelheid op zowel het optimale beleid als de netto 
opbrengsten. Een goede afsteniming van de energie- en eiwitgehaltes binnen het rantsoen, 
zou hogere prepuberale groeisnelheden zonder nadelige gevolgen voor de melkklier 
ontwikkeling, mogelijk maken. Om het belang van dit principe te demonstreren is het 
optimale opfokbeleid berekend voor een situatie waarin het prepuberale rantsoen minstens 
17% ruw eiwit per kg droge stof bevatte en de kritieke prepuberale grens op 0,9 kg/dag (i.p.v. 
0,7 kg/dag) werd verondersteld. De optimale opfokstrategie in deze situatie resulteerde een 
gemiddelde afkalfleeftijd van 20,2 maanden bij een gemiddeld gewicht van 563 kg. Ten 
opzichte van de basis situatie namen de netto opbrengsten daarbij toe van Dfl 337 per jaar 
naar Dfl 418 per jaar. 
Seizoensverschillen in de verwachte melkproductie en de prijzen van voer, melk, 
kalveren en vlees hadden een aanmerkelijk effect op de technische en economische 
resultaten. De opfok van 'winterkalveren' was winstgevender dan de opfok van 
'zomerkalveren'. Kalveren geboren in de winter waren minder duur en profiteerden meer van 
de goedkopere weideseizoen dan kalveren geboren in de zomer. In de basisberekening werd 
het hoogste inkomen gerealiseerd bij de opfok van kalveren geboren in december terwijl de 
opfok van kalveren geboren in juni het minst opbrachten. Het verschil van Dfl 130 per vaars 
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per jaar werd voor 53% veroorzaakt door seizoensverscbillen in kalverprijs en voor 32% door 
seizoensverschillen in voerkosten. 
Milieu aspecten 
De melkveehouderij is medeverantwoordelijk voor de huidige milieuproblematiek in 
Nederland. In Hoofdstuk 6 is het jongvee model gebruikt om na te gaan in hoeverre de 
jongvee opfok de mineralen strömen op een melkveebedrijf beitavloeden. Uitgaande van een 
gemiddelde opfoksituatie (t.w. een kritische prepuberale groeisnelheid van 0,9 kg/dag en een 
maximaal mogelijke postpuberale groeisnelheid van 0,7 kg/dag) resulteerde het economisch 
optimale opfokbeleid in een gemiddelde afkalfleeftijd van 21,1 maanden bij een gewicht van 
530 kg. Puberteit trad op rond een gemiddelde leeftijd van 10,0 maanden en een gemiddeld 
gewicht van 288 kg. Inseminatie werd voor het eerst toegepast op een leeftijd van 11,4 
maanden bij een gewicht van 333 kg. Het optimale voederpatroon ging gepaard met een 
mineralen opname van 72,0 kg stikstof en 21,2 kg fosfaat per vaars per jaar. Het verrekenen 
van de mineralen invoer met de mineralen afvoer resulteerde in een gemiddeld 
boekhoudkundig mineralenoverschot van 51,4 kg stikstof en 17,0 kg fosfaat per vaars per 
jaar. 
Om de gevoeligheid van het optimale beleid te testen voor milieu maatregelen als 
MINAS en het gebruik van rantsoenen met een laag mineraalgehalte te testen, is het opfok 
model uitgebreid met de boekhoudkundige relaties van MINAS en een 'least-mineral' 
rantsoen formulering. Het optimale opfok beleid, in de betekenis van de beslissingen met 
betrekking tot de groeisnelheid en het inseminatiemoment, werd slechts gering beitavloed 
door deze maatregelen. De effecten op de rantsoensamenstelling en mineraaloverschotten 
waren echter aanzienlijk. Binnen de geformuleerde rantsoenen werden gras en graskuil voor 
een groot gedeelte vervangen door mai'skuil en krachtvoer. Hierdoor werden de uiteindelijke 
overschotten in stikstof en fosfaat verlaagd met respectievelijk 16% en 14% in de MINAS 
variant en met respectievelijk 49% en 23% in de 'least-mineral' variant. 
Jongvee opfok in de Verenigde Staten (Pennsylvania) 
Het melkveehouderij systeem in Nederland varieert aanzienlijk van het systeem in de 
Verenigde Staten. Zo zijn in Nederland de prijzen voor voer, melk en slachtvlees relatief 
hoger en wordt er veel meer gebruik gemaakt van weidegang dan in de VS. Om na te gaan in 
hoeverre deze verschöllen in productieomstandigheden het optimale opfokbeleid beinvloeden, 
is het optimalisatiemodel aangepast aan de opfokomstandigheden in de VS (Pennsylvania) 
(Hoofdstuk 7). Op basis van een kritieke prepuberale groeisnelheid van 0,9 kg/dag en een 
maximaal haalbare postpuberale groei van 1,1 kg/dag, resulteerde het optimale beleid onder 
de VS omstandigheden in een gemiddelde afkalfleeftijd van 20,5 maanden bij een 
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afkalfgewicht van 563 kg. Voor prepuberale dieren werd een gemiddelde snelheid van 0,88 
kg/dag nagestreefd, waardoor puberteit optrad bij een gemiddelde leeftijd en gewicht van 
respectievelijk, 9,8 maanden en 288 kg. De eerste inseminatie diende direct na het optreden 
van de puberteit plaats te vinden. Tijdens de postpuberale période werden hogere 
groeisnelheden nagestreefd (gemiddeld 0,97 kg/dag), waarna het groeitraject eindigde met de 
standaard gedefinieerde groeisnelheid van 0,3 kg/dag gedurende de laatste 2 maanden van de 
dracht. 
Netto opbrengsten kwamen overeen met $107 per vaars per jaar. Het optimale 
opfokbeleid was met gevoelig voor seizoensinvloeden. Het economische resultaat per 
geboorteseizoen varieerde daarentegen sterk. Het hoogste inkomen werd verkregen met de 
opfok van kalveren die in December waren geboren ($142/jaar), terwijl kalveren die in mei 
waren geboren het minst opleverden ($100/jaar). 
De geoptimaliseerde groeipatronen kwamen overeen met de gemiddelde resultaten 
van de Nederlandse model studie. Een opvallend verschil tussen de resultaten van de 
modelberekeningen voor de Nederlandse en de VS situatie was echter de invlœd van het 
geboorteseizoen op het optimale beleid. Onder de Nederlandse omstandigheden varieerde het 
optimale opfok beleid aanzienlijk per geboortemaand, als een gevolg van seizoensverschillen 
in de beschikbaarheid van voeders (weidegang) en de verwachtte melkproductie. In de VS 
studie was deze invloed echter te verwaarlozen. Een ander opvallend verschil in de resultaten 
was het moment waarop de eerste inseminatie plaatsvond. In de VS studie vond inseminatie 
direct plaats na het optreden van de puberteit, terwijl in de Nederlandse studie de eerste 
inseminatie in het algemeen pas later plaatsvond. Zo resulteerde, bij een maximaal haalbare 
groei van 0,7 kg gedurende de postpuberale période, de VS studie in een gemiddelde 
afkalfleeftijd van 20,6 maanden bij een afkalfgewicht van 519 kg, terwijl de Nederlandse 
variant uitkwam op een gemiddelde afkalfleeftijd van 21,2 maanden bij een gemiddeld 
gewicht van 541 kg. In de Nederlandse situatie overtroffen de extra opbrengsten van een 
extra kg lichaamsgewicht bij afkalven de extra kosten van een verlengde opfok. 
Discussie en conclusies 
In Hoofdstuk 8 worden de met dit onderzoek verkregen algemene inzichten nader 
besproken. De nadruk ligt daarbij op de modeldefinitie van de jongvee opfokactiviteit op een 
melkveebedrijf en de praktische interpretatie van de modeluitkomsten. Verder worden de 
mogelijkheden besproken om de opfok te modelleren als een geïntegreerd component van een 
volledig bedrijfssysteem. In een dergelijk optimalisatiemodel dient dan naast de opfok van 
jongvee rekening te worden gehouden met het management van de volwassen melkveestapel 
en de graslandexploitatie. 
142 
De belangrijkste conclusies van dit proefschrift zijn: 
In de Nederlandse basissituatie resulteert het optimale opfokbeleid in een gemiddelde 
afkalfleeftijd van 22,6 maanden bij een gemiddeld afkalfgewicht van 564 kg. De netto 
opbrengsten komen bij dit beleid overeen met Dfl 337 per vaars per jaar. 
Eén maand verlenging van de opfokperiode, door middel van een lagere grœisnelheid 
gedurende de prepuberale période, uitstel van het inseminatiemoment of een lagere 
groeisnelheid tijdens de postpuberale période, vermindert de netto opbrengsten per 
vaars met respectievelijk Dfl 34, Dfl 26 en Dfl 46 per jaar. Voor een gemiddeld 
Nederlands melkveebedrijf betekent dit een reductie van het ondernemersinkomen 
met Dfl 1512 per jaar ( s 4.5%). 
De opfok van jongvee in Nederland kan aanzienlijk worden verbeterd, indien de 
adviesnormen ten aanzien van afkalfleeftijd (< 24 maanden) en afkalfgewicht (570 kg) 
in meerdere mate zouden worden nagestreefd. 
Ongeveer een derde deel van de Nederlandse melkveehouders onderschat de 
opfokkosten van een vervangende vaars met meer dan 30%. 
Het optimale opfokbeleid is niet erg gevoelig voor veranderingen in marktprijzen, 
slachtwaarden, kalverprijzen, melkprijzen of voerprijzen. De economische resultaten 
zijn voornamelijk gevoelig voor veranderingen in markt- en ruwvoerprijzen. De 
groeisnelheid gedurende de prepuberale période heeft een aanzienlijke invloed op 
zowel het optimale beleid als de netto opbrengsten. 
Seizoensverschillen in de verwachte melkproductie en de prijzen van vœr, melk, 
kalveren en vlees hebben een aanmerkelijk effect op de technische en economische 
resultaten. De opfok van 'winterkalveren' is winstgevender dan de opfok van 
'zomerkalveren', hetgeen resulteert in een maximaal verschil van Dfl 130 per vaars 
per jaar. 
Het optimale opfok beleid, in de betekenis van de beslissingen met betrekking tot de 
groeisnelheid en het inseminatiemoment, wordt slechts gering beïnvloed door milieu 
maatregelen als MINAS en het gebruik van rantsoenen met een laag mineraalgehalte. 
De effecten op de rantsoensamenstelling en mineraaloverschotten zijn echter 
aanzienlijk. 
De geoptimaliseerde groeipatronen van de VS Studie vertonen grote overeenkomsten 
met de gemiddelde resultaten van de Nederlandse model Studie. Het Nederlandse 
optimale opfokbeleid is echter gevoeliger voor verschillen in afkalfgewicht en voor 
seizoensinvloeden dan het optimale opfokbeleid gebaseerd op de 
opfokomstandigheden in de VS. 
Dynamische programmering in het algemeen en de hierarchische Markov procès 
techniek in het bijzonder, zijn zeer geschikt voor het gestructureerd weergeven van het 
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opfok proces. Kwantitatieve informatie met betrekking tot een aantal essentiele opfok 
componenten is echter beperkt. Het verkrijgen van inzicht in de kritieke componenten 
binnen de jongvee opfok door middel van gevoeligheidsanalyses, is in dit Stadium 
belangrijker dan het vaststellen van precieze getallen. 
Nader onderzoek naar de nutrienten behoeften van jongvee met hoge groeisnelheden 
is nodig om nauwkeuriger vast te kunnen stellen wat de hoogst haalbare 
groeisnelheden zijn zonder nadelige gevolgen. Dergelijke informatie is van groot 
belang voor het eenduidig vaststellen van een optimaal opfokbeleid. 
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